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INTRODUCTION 

The object of this research is to analyze the Radar Cross Section 
(RCS) of finite flat plates at high frequencies. The different physical 
mechanisms which contribute to the RCS are carefully studied and their 
important characteristics are explained. 

Prior studies have_suffere^jn^se^er^]^resp^ First and foremost 
significant mechanisms have been neglected, particularly for rectangular, 
non-rectangul ar and non-circular plates both for angles of incidence 
in the principal and outside the principal planes. Second, the cost 
may be prohibitive for such computations even for large modern day com- 
puters for physical optics solutions for very large plates (in terms 
of wavelength) particularly when multiple interactions are significant 
and for Moment Method solutions where the size is increasing to the 
upper limit that may be so treated. Third, and perhaps least signifi- 
cant, fitting the shape of some non-rectangul ar plates with rectangular 
patches in the Moment Method solution can lead to significant errors. 

Several authors have analyzed the RCS from finite plates using 
GTD techniques. One of the difficulties that they encountered is the 
calculation of RCS at and near broadside. The Physical Optics Theory 
(PO) was one of the first techniques used in estimating the RCS values 
at or near broadside, but it fails to account for polarization dependenoj 
for pattern regions beyond the main lobe, particularly for non principle 
planes. The Physical Optics solution also becomes quite expensive to 

run on modern computers for general shaped fins at higher frequencies 
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) width of a perfectly conducting strip to 
igular plates using a particular normalization 


procedure. In all of the previous GTD solutions, the RCS is only com- 
puted in the principal plane. 
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The estimation of RCS at grazing incidence has also been discussed ; 
in the literature. Ross f28l provided measured data of RCS as a func- ' 
tion of the length of a f ectangujar^pla^te^^ et. al [3^ , also pre- | 

sented measured data for rectangular and triangular plates but did not 
present an analytical model and did not describe the physical phenomena 
that led to the unexpectedly high RCS. 


In this dissertation, we will attempt to present techniques that 
will enable one to compute the RCS at broadside and throughout the pat- 
tern in any pattern plane. We will also present an analytical model 
that will describe the physical phenomena contributing to the RCS at 
grazing incidence. These new techniques will be used to analyze the 
RCS of different plate geometries of different shapes. 

Two basic methods are to be used to compute the RCS for plates. 

The first method for analysis of scattering from plates is a well known 
low frequency technique commonly referred to as the Moment Method (MM). 
The surface currents and the resulting scattered field can be found 
by enforcing the boundary conditions on the plate surface. One of the 
first MM solutions applied to plates problems was the wire grid tech- 
nique, developed by Richmond , which employed a point matching tech- 
nique. This solution required thg determination of approximately 100 
unknown currents per sjgu are w_av_el ^g^ jn ogdei^^lh^at^thept^i^r 
quately model the perfectly conducting surface. Richmond ^zjhas devel- 

op.ed_a_m ore so phisM<:-ate(J_ap.prO:ach-ii!nn^w.h:i.eh_the-r-eact.i.on-techni.que-is 
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This solution still require^ 


used to solve for the unknown currents. 

approximately 100 unknown currents per square wavelength. Another ap- 
proach is to divide the surface of the conducting plate into rectangularj 
patches each having two orjihogonalgiunknown tcomplex currents 3 . This 
surface current patch approach reduces the unknown currents to about 
20 per square wavelength. This allows a larger plate to be considered. 
However, this approach is restricted to shapes that can be fit by an 
array of square patches. All these techniques are restricted to low 
frequencies due to the limitations imposed by the vast storage and com- 
puter time required for such computations, which result in a high cost 
per data point. The Geometrical Theory of Diffraction (GTD) and Equiva- 
lent line source conceptSyar^egb^jp^^lys^^gji frequency methods which 
are based on two canonical problems, i.e., wedge diffraction and infin- 
ite line source radiation. Some examples where this method has been 
used include determining the diffracted fields by a body made up of 
finite axially symmetric cone frustums , the radiation patterns of 
rectangular wave guides [s] , and horn antennas [s] . The MM solution 
will be used in this dissertation primarily to provide data to be used 
as a check on the GTD solutions developed herein. The author is in- 
debted to Dr. Newman whose computer programs have been used to obtain 
all of the Moment Method data presented here. 


1 Inch 


The basic approach used herein for the analysis of RCS of plates 
is centered on using the Equivalent current technique in computing the 
patterns including the main lobe region. 

In Chapter III, the scattering from a perfectly conducting strip 
is discussed in detail. The understanding of this problem is essential 
in the analysis of RCS from plates. 

Chapter IV discusses in detail the RCS pattern effects of the first 
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Chapter V discusses the effects of 
on the E-plane RCS pattern for a general 


higher order edge interactiolis 
shape plate. 
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In Chapter VI we present-a-det-ai-Ted-analys'is of the effects of 


I higher order interactions including the newly developed edge wave mech- 
anism on RCS pattern computation for a rectangular plate. Both the 
E-plane and off the principle plane RCS pattern analysis are considered 
for a linearly polarized incident plane wave. 
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Chapter VII extends the previous analysis to the £ and H-plane RCS^* 
pattern;;^pH'ati>^ T trj'aangu Iras'- i 
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Chapter VIII discusses the cross poarization effects for a monopole 
mounted on a plate. The analysis is based on the use of the newly 
developed edge wave mechanism. Finally, a summary of the present study 
is made in Chapter IX. 
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THEORETICAL BACKGROUND 


|A. INTRODUCTION 


, An analytic method for computing the radar cross section (RCS)of 

;a general flat plate for‘^%l'l*%nciy'ent^ang7e'l,^*l^a^ been developed using 

. Tyoinq (5uido Paoer 

‘the Geometrical Theory of Diffraction (GTD) and the Equivalent Current 

j 

i(EC) concept. The GTD is a ray optical technique and it, therefore, 
fallows one to gain substantial physical insight into the significant 
jphysical mechanisms involved^iin the RCS. Accordingly, one is able to 
determine the dominant diffraction mechansims for a given geometry. 

The basic GTD and the EC concepts needed in order to achieve this goal 
'are discussed in this chapter. In this dissertation, the far zone 
'j scattered fields are treated, the plates used are flat and perfectly 
[conducting and the surrounding medium is free space. An e'^“^ time 
dependence is assumed throughout and suppressed. 


!B. DIFFRACTION BY A WEDGE I 

t I 

; The Uni form: Theory of ; Diffraction (UTD) developed by Koiiyomjian'and 
Pathak |^7j is sufficiently general to handle the three dimensional 
/effects of the flat plate with straight edges. Figure 1 shows the geome- 
|try used to evaluate the fields diffracted by a wedge. A source whose 
I radiated electric field is given by E^(s) at the edge, is located at 

!i 
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Point 0 (p‘ , <l> ' , z'). This source can radiate a plane, cylindrical, 
conical or spherical wave incident on the wedge. Kouyoumjian and 
Pathak |^7, sj, have shown that the diffracted fields at P ( p, <I>, z) can 
be written in a compact way if these fields are written in terms of a 
ray fixed coordinate system. This coordinate system is centered at the 
diffraction point Q^, (or points of diffraction in case of plane wave), 
this point is unique for a given source and observation points. The 
incident ray diffracts as a cone of rays whose axis is the edge, such 

that 3^ = 3 '. 

0 0 


The orthogonal unit vectors associated with the ray fixed coor- 
jdinate system are defined as 

I A A 

I = -S'" 

I A A A 

; I = B ■ X <1) ' 

I A A 0 A 

i s = B X 4> 

A ® A 

where I is the incident direction unit vector, and s is the diffraction 

direction unit vector. The diffracted field .is given by [7, 8 ] : 


E^(s) ~ E'(Qg) ‘ Dg(s, I) A(s) e'J'"® 


( 1 ) 


where 


I 


^ A" A - 

9.C = - 3' 3D^ - r <l> D. 
E 0 0 s h 


(2a) 


and 


“s.hC-.W'.Bo' 


-e 




2n -J 2irk' sin 3 

Y /• ' 0 


cot 




F (kL a'^(3’)) 


+ cotP^lF (a a’( e)) - 


+ cot 




F (kL a-(3^)) 


cot 


(i^)f (KL 


(2b) 




1 




where N~ are the integer's which most nearly satisfy the equations: 

I JL 

i 2irnN - ( 3 ) = t: 

and 

; 2iinN - (3) = 
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The Dg coefficient is referred to as the soft scalar diffraction co^- 
efficient when the soft boundary condition is used, i.e.. 


Jwedge 
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and the D|^ coefficient is referred to as the hard scalar diffraction 
coefficient obtained when the hard boundary condition is used, i.e.. 


THESIS/ DISSFERTATION | 

Note that the g terms 'are^iassoci^at'^d i^H^ff'^the incident field and the g ’ 
terms are associated with the reflected field. 

The spread factor is given by 


I — plane, cylindrical, and conical wave 

incidence. ( 

V — ^ spherical wave incidence 

' ^ s(s+s') 

The L is a distance parameter, which is dependent on the type of 
il lumination,7and is given by 


s sin g^ for plane wave incidence, 


2 

ss' sin 3 


for cylindrical wave incidence, and 


rfiorpicpni Calajandrspheri'caib wave i nci dence. 
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C. EQUIVALENT CURRENT CONCEPT 


1. Introduction 
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The Equivalent Current (EC) concept has been used by many authors.] 
Millar 9-ll] , developed the basic idea as early as 1955, he used it j 
to solve different problems such as diffraction from apertures,^ fields ; 
along the caustic line, coupling through elliptical apertures. In 1968, 
Ryan and Rudduck [12] introduced the concept implicitly in a GTD so- j 

lution. In 1969, the concept was formalized by Ryan and Peters 13-14] | 
to .obtain the same basicrjcesiul/t iassM:tl;ltar7.AiBurhside and Peters 15] j 
used the concept to evaTu'ate^tth'e^dxH'al’^R^ a finite cone. They 

also corrected the misleading impressions generated in jl6] . 

2. Equivalent Current Formulation 


The UTD edge diffraction concept is suitable for the analysis of 
geometries where diffraction appears to come from a single or group 
of single isolated points along an edge. However, one must introduce 
an integral approach when the diffracted field at some observation point 
is the confluence of diffraction points on the edge. This point repre- 
sents a caustic, in this case, the equivalent currents are used in con- 
junction with a free space Green's function to obtain the radiated fields. 
In the analysis to follow, no interactions such as higher order diffrac-| 
tion will be considered, although the method of equivalent currents i 

allows these interactions to be included, as will be seen. The only | 

limitation on the usage of this concept is that the edge diffracted j 
fields must have the same spatial behavior as do the fields of the in- i 
finite line source, i.e.,.^^ . To compute the continuous diffracted 
fields in the vicinity of such a caustic, an equivalent current is set 
up on this edge and treatedifas a^ifiini^te Tine source placed at the posi-j 
tion of the finite edge. — Figure *3” iiiustrate?"''the g^ome'try bf'^^a ’f'i'h'ite 1 
wedge illuminated by a plane wave, where the caustic lies in the far 

■ ■ > /\ \N! 3 — 

freTd~of"'t he' finite edge. This wedge of “length Jl will be considered 
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to be a segment of a wedge of infinite length (i.e., a two dimensional 
I wedge). The equivalent current concept consists simply of determining 
j the current flowing at the position of the edge of the infinite wedge 
[ (in the absence of the .we^gi.y-whi?li-^ the same diffracted 

I field as the edge of the wedge. The component of the far electric 
field of a Z-directed infinite electric line source [izj is given by 


Eft = Z k I® ® 
^0 t 


jTT./4 


g-j;kz cos Bq 


2-^ 2 % ^ ^ ■yj~~p 
similarly for an infinite magnetic line source, one has 


( 8 ) 


H| = Y^ k, I"- ® 


-jk+p 


g-jKz cos e„ 


2 -yj 2ir k^^ -yj P 


jwhere: Z^ is the impedance of free space 


(9) 


i ^0 admittance of free space 


k = -^ , X is the wave length 


and 


i<4. = k' sin B^ , p= s sin B„ , z = s cos B„. 

X 0 ^ 0 I 0 


( 10 ) 


Figure 4 shows the infinite line source geometry, the Z component (i.e.,| 
parallel to the line source) of the far fields is given by: 


E|=-E|sinBo ’ "I = -”e sin|B, 


= -Z 'k.. I® — 
‘'Z ^0 h '■ 
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Figure 4. Infinite line source geometry. 
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The diffracted fields from an infinite wedge [7] are 


e| = G®(n,(j,,(t,') 


sin Bq ^ 


, and 
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h| = G^Cn.^.V) — ., h’ 5=t- 

y2.7ik sin Bg 


where 


= R (n,<t>-()>') + R (n,<t>+(j>') 
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with R(n,\|;) = ^ sin ^ 
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COS^ 


One can rewrite equations (13) and (14) such that 
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(15) 


where k^-, p are defined in Equation (10) 

^ ^ I * 

i|q»ting Equations (11) and (15) and also Equations (12) and (16) 
bine ^ obtains 

^e 


(16) 


,e , 2^ &y^AA-) 

^0 siri^ Bq 


and 


(17) 


l"’ = G'^(n,<t) ,(})') ui 

W s1nV„ ' 


(18) 


where the incident fields in Equation (17) and (18) represent the com- 
ponents of the incident field tangential to the edge. So Equations 
(17) and (18) are, 
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where and are the tangential components to the edge of the 
incident electric and magnetic fields. One can now apply" the vector 
potentialsf unctions given by 





j-jl<|r-r'| 

|r-r'| 


dil’ 


(22) 


where L is the contour of the edge and r, r' are defined as in 
Figure 5. 


The equation for the far zone scattered field is 

= -i)p ^trans 
and 


Ftrans 

where is the electric field due to I® and is the magnetic field 
due to with 

= I- and 
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Fp'gure 5. Definition of the radiation integral parameters. 


• ? 

There has been some discussion 'about the use of the sin 6^ term ' 

in Equations (19) and (20), particularly for the case of a straight 
finite edge, where the observation point does not lie on the diffraction 

2 inch Cnaoter Linn 

cone. In this case, the-soTut-ion-f-ai-Ts— t-o-sat*isfy reciprocity. Senior 
18 has suggested that sin'^ 0^ should be in the form sin 3^ sin 3 “ where 
the superscripts i and d refer to the incident and diffracted rays. 

This seems to be a "best fit" but, since the configuration of rays de- 
viates sufficiently from the canonical solution, it can only be con- 
sidered as approximate. In reality, this difficulty occurs in that one 
is now trying to represent a corner diffraction for the finite edge, 

• i.e., those observation'^po:Tht§'.hot'>^^i'ng'^i^ 1 '^ffhe^usually conical bundle 
of rays can be reached o^l'^’l5]Pr§^s^iff?5^^^^ by the corner. This 
is not unlike the physical optics solution for a flat plate which also 
fails to satisfy reciprocity since it, is forcing the physical optics 
currents to represent the edge diffraction. 
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D. DIFFRACTION BY A CORNER 


A corner is formed by the intersection of a pair of finite straight 
edges. Figure 6 shows the corner diffraction geometry. A new diffrac- 
tion coefficient that handles diffraction from corners is needed. An 
|empirical solution is proposed by Burnside and Pathak and is based 
!on the asymptotic evaluation of the radiation integral which employs 
the equivalent edge currents that would exist in the absence of the 
corner. The corner diffraction is then found by appropriately (but 
at present empirically) modifying the asymptotic result for the radia- 
tion integral which is characterized by a saddle point near an end point. 
The diffraction coefficient is still in its development stages. How- 
ever, it has been shown to be very successful in predicting the fields 
diffracted by a corner for a number of plate structures. Accordingly, 
it is discussed here in'* 'thiis^§§ct^bnFaftd‘ ha's'^been- used to obtain some 
interesting results. THe~cot^er^d'iTfFacfed^fi^l^^assoc^§teS wffh 
one corner and one edge in the near field ^with spherical wave incidence 
;is“gi'^ri“by ' 
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Geometry for corner diffraction problem. 
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where 


Cs(Qe) 




gc gpc 
(cos 8nr"COS B-) 


F [kl, a(ft+6oc-ec)] 


8ft 


(26b) 




-t2 

-e ^ 


sin 3 q! [cos 372 


FVkL a(3~)j p I L a(3~)/X 


kL^a(^oc-^c 


, F l^kLa (3 ).) p L a(3 1/X 


cos 3^/2 


klca(nH^oc-»c) 


(26c) 


The function F(x) was defined in Equation (2c), and 
I a(3) = 2 cos^ (3/2) where I 


3" = (|)±(J>' 


- - #5 " — - - - -- —4' ' ""S ’S'* ■ ■ ‘ ’ 

L = sin^ 3 and ij = 

I (s'+s") ° s^+s 

for spherical wave incidence. 
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The function ^ (Qp) is a modified version of the diffraction coef- 
'ficient for the half plane case (n=2). The modification factor 
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is a heuristic function , that, cinsures ethat vthe (diffraction coefficient 
will not change sign abrugfcliyicwheniidit passes- through the shadow bound- 
aries of the edge., i.e., the corner diffracted field will ensure the i 
continuity of the fields as the edge diffracted field shadow boundary ! 
is crossed. In Figure 7, we show a corner formed by the intersection ! 
of two edges (a) and (b). With each edge there is a corner field compon-r 
ent associated with it. While there is only one edge diffracted field 
component due to diffraction from edge (b), diffraction from edge (a) does 
inot contribute since lies on the edge extension. Another situa- 
tion is shown in Figure 8, where both and lies on their edge | 
extension. Therefore, no edge diffraction field component is present. 

Only corner fields will be present at the receiver. Observe that there 
are two components of the corner diffracted fields present, one for each 
of the coordinate systems shown. Figure 9 shows the case where edge and 
corner diffracted fields from both edges are incident upon the receiver. , 


E. BROADSIDE ECHO AREA PATTERNS OF FLATE PLATES j 

: ' 

■ The broadside echo area of flat plate structures can also be com- 

I 

iputed by use of Equivalent Current (EC) concepts provided this is done 
fquite carefully. It iS] cappairgntcth^j^tShe tEQd cannot be used when j 

a caustic and a shadow-or -ref lection -bounda'ry coihcide^'-F’Thisf'is^ b’e-^t' j 

4 

icause the EC is obtained from the far field diffraction coefficient 
(see Equations (19) and (20)), whiclj becomes singular in the direction 
,of the reflection or shadow boundary. Keller [^2(^ showed that this sin- 
gularity could be eliminated by considering the diffraction from points 
bn the opposite sides o f tlie ^^Tate^^'Cot^*-" a perture ) . He invoked the For- 
ward scattering theorm and used only the imaginary component of the dif- 
fraction coefficient. Ryan [ 2 I used essentially this approach as did 
Millar [ 9 -I 1 ] to find the scattered field in the direction of the shadow 
boundary for square and circular plates. However, there is an error 
of a factor of two in Ryan's solution for the circular plate. Ryan also 
used both a set of electric and magnetic Equivalent Currents which cor- 


rected the error and leadr to,<the iCprr_ect .result 

I I if*. .*>!!)/ 1 -’i-' - .'I .1-. 1 . i' '1 'J 
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Careful examination of these prior studies leads one to a means 

' 1 

of generating the fields in the direction of the shadow or reflection 1 

boundary as has been achieved by others but also over the main lobe ! 
ithat is formed in the vicinity of this caustic. 

Consider the plate shown in Figure 10. To compute the scattered 
fields in the vicinity of the broadside, only the components of elec- 
tric and magnetic currents perpendicular to the incident plane are used.' 
This, in essence, is the same as representing the plate structure as 
'being segmented into strips as is shown in Figure 11. 

One must, however, inject a word of caution at this point. If 
ithe observation point from a straight edge is too far removed from the , 

space occupied by the actual set of diffracted rays, then the Equivalent! 

* 1 

^currents on that edge should not be expected to predict the fields at : 

the observation point accurately. This has already been suggested and ! 
is now done with the corner diffraction. 


The Equivalent current method will give results for the appropriate 
regions of space near broadside that are accurate to within a one dB 
which is acceptable in most RCS applications. However if a greater 
accuracy is desired, one has to include the higher order diffraction j 
contributions. An example of such a case is the scattering from an ■ 
elongated plate as shown in Figure 12. The double and triple diffracted! 
field components should be included in this solution to improve the 
results. The above method of analysis is one of the reasons that the * 
strip is to be reconsidered in some detail in Chapter III. Observe that 
this approach eliminates the need to use Physical Optics (PO) or the 
Physical Theory of Diffraction (PTD) for this type of scattering. 
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DIFFRACTION MECHANISM 



THIRD ORDER 
DIFFRACTION MECHANISM 



SECOND ORDER 
DIFFRACTION MECHANISM 


Figure 12. Diffraction mechanism for a pfate^riWgateS in the trans- 
verse direction. 
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I : : I - T ! e 1 / 1 

If one considers aimpnopolevdnia ^perfectly conducting plate, the 

field diffracted by a corner on the plate is given by Equation (26)_. 

» ■ 

An interesting result is obtained if one considers the case when the 
[iTionopole field is diffracted from the corner along the extension of 
the edge, as shown in Figure 13. In the following notation for C.. 

* J 

the first subscript indicates corner i and the second indicates edge j. 


inch 


In this case, namely along the edge extension, the different para- 
meters defined in Equation (26), i.e., s, s', s", all will approach 
infinity and 3^, 3 ^^ will approach zero. Using a limiting analysis 


[ *1 ^ 

22J , Equation (26) yields F. -.i./T 


r ^ 

p(ew) 
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(27a) 


[where 
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(27b) 


Equation (27) describes a non-decaying wave which propagates on the 
edge of the plate, henceiiEtheSname^ledg^'W^^Jl^his edge wave is ex- 
cited by diffraction froifH1Ve^^o9n^er^S3f^fl?i^^^ This field satis- 

fies the wave equation and the edge condition and therefore, is a valid 
■solution for the fields propagating on an edge. 
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(a) FRONT VIEW (b) SIDE VIEW 
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I Figure 13. Edge wave mechanism due to a monopole mounted on a plate. 
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The derivation of Equation (27) and a detailed discussion of the 
edge wave mechanism is shown in Appendix C. It is interesting to note 
that the diffracted field across the plate is cross polarized with res- 
pect to the field diffracted by the corner as is shown in Figure 13. 

I This cross polarization effect is a consequence of the edge wave mech- 
anism. It is one of the primary sources that contribute to the cross 
polarization field in scattering and antenna problems. This topic is 
going to be discussed in substantial detail in Chapters VI and VIII. 
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BACKSCATTERING FROM A PERFECTLY CONDUCTING STRIP 


The infinite strip problem is a simple one, because the strip is 
the simplest shape which exhibits multiple diffraction from edges. 

1 

The understanding of the .different, ,mechani,sms-ithat form the solution 

for the strip will help tg/[:u^d^r.S;tand^ andpsolve other related problems. 

The scattering of plane waves by a perfectly conducting strip has been 

treated extensively. J. Freeland, et. al, j^23j found an approximate 

solution for the current on the strip and used it in conjunction with 

the radiation integral to find an approximate current pattern which 

is used with the GTD pattern to construct a pattern which is accurate | 

at all aspects. J.S. Yu, et. al., , used Sommerfeld's exact sol- j 

ution |^25| in conjunction with the reciprocity theorm and a self- ; 

consistent GTD formulation to account for higher order diffraction to j 

obtain the required radiation patterns for the H-polarized plane wave ' 

lease. Reference j^26] lists some of the more significant papers on the 

|scattering by a strip. The objective of this work is to compute the . 
; 1 
backscattered field pattern using the Kouyomjian-Pathak (K-P) form of the; 

diffraction coefficient and compare the results with the exact Mathieu 

solution. 

A. STRIP GEOMETRY 


The perfectly conducting strip is assumed to have infinite length, 
zero thickness and f ini^tjj- wTd^Iv. wave is 
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illuminating the strip with both the TE and TM polarization cases cofFj 
sidered. Figure 14 shows the strip geometry in which an infinite strip 

is located in the X-Z plane where. a/x is the strip width. The angles ' 
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((j),4)') are the incident— and-seat-t-er-ing-angTes-respectively and p, P2 ' 
are the distances from edges (1) and (2) to the observation point. 

The phase is referred to edge (1). 


B. TMl POLARIZED CASE 

'-rZ 

A homogeneous E-polarized plane wave is incident at an angle c|>', 
assuming that the pla'neHwal/'eShasCuhTtf^Wl^i'^^^^ then the incident field 
can be written as: Typing Guide Paper 
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jk(x cos (l>2 + y sin ()lp 


For this case the only imp.ort4*Jf ^lii^frua^c-tiotiincomponent is the single 
diffracted one from edges 1 and 2. The double diffracted component 
is a slope diffracted wave which has a negligible contribution to the 
total back scattered field. The general expression for the two dimen- 
j| sional diffracted field from an edge is given by;* 


r = (Q) D, , where 

^ 'Pif^lS/ DISSERTATION 
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I Dg is^he‘‘soft ordinary scalar diffraction coefficient given by: 


0 . -., 1 , „ 

^ 2 V27rk' ] cos b72 


where 


cos 3V2 


3- = <t> ± 4)' 

I and s is the distance from the diffraction point to the receiver and 

ji -j 

E (Q) is the value of the incident field at the diffraction point Q. 
The backscatter case ct>=(j)' and Equation (30) reduces to 


D = 

^ 2 


)}COS ({)' 


the field diffracted from edges (1) and (2) are given by 
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( 33 ) 


where the subscripts (1) and (2) indicate edges (1) and (2) such that ' 
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The echo width is defined |27j by 

-d| 


(34) 


L„ = limit 
e 

(>♦00 


2ttp 


(35) 


Note that while Equation (31) becomes infinite as (|)'^90° (broadside). 
Equation (34) remains finite since the v , term and the - Jj , term' 

COS^^ COS^rt I 

cancel in the limit as (|)j-»-90°. Equation (34)'^then reduces to, ' 


d pjTr/4 

E?„tal (O' = 90) = " 


ka 


-jkp 


■yj 2irk ' y P 
substituting Equation (36) into (35) one gets: 

Lp (({)■ = 90) = ka^ 


(36) 


(37) 


which is the required value as given by physical optics approximation. 
It is the combination^of flf^^i*rfr%‘cle'd ffeld^ffom the two edges that 
cancels this singularity^! 
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The total diffracted field is given by adding Equations (32) and (33) or 
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For this case, the homogeneous plane wave incident field is given , i inch 
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^ -y sinV(j>|) (38) 

For the TE case it is necessary to include higher order diffraction 
terms to obtain the required pattern. 


The effect of thes^^-yelds beeomes^iimpp.n^^^^ as the angle of inci- 
dence approaches grazingyinciidencedc Tthepsnngle diffracted field is 
obtained in a similar manner as in the TM case with soft, ordinary ! 
diffraction coefficient replaced by the hard ordinary diffraction 
coefficient, i.e.. 


Du = — 


-Oti/4 




cos ({)' 


and the fields are given by: 

„d _ „(l)e-JL 
H(l) - »h ^ 


r,(2) j2ka cos 
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jj(2) _ -e-jyi 


^ 2 "■'St paggopl^a^ter* end line 
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The total singly diffracted field is then given by the sum of (40) and 

(iH.).,_i.n_the_same_manner_as_j.us.ti_dji;s.cus:s!ed,_i...e.., — 
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(42) 


The double diffraction mechanisms are illustrated by rays in Figure 
15. The field diffracted from edge (1) give rise to two rays which 
are in turn diffracted from edge (2). The sum of the fields of these 
two rays give the double diffracted field from edge (2), i.e.. 


H 


( 21 ) 


Rl + R2 


where ’ 
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Figure 15. Double ditfractioTTfielU compWenirs^?oP'iP§^:r?pf'^‘^ 

(a) Top side; (b) Bottom side. 

ISA V^Hl 


i^.LL 

A 


I inch 




Pago # 


1 inch 

^ 


JAB/eo 



Center Guide 


1/^ inch 

-« 


I inch 






Pago # 


/ ' 


and 


I _ ■! 


— I 


(44)^ 


R 2 = 2 (*-,2ir,(l)|) D^(L,tt+(!)J,o) 
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B^ 4)±<1)' and (j),4)' are as defined in Figure 16, 
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The h factor in Equations (44) and (45) is introduced since the ray 
along the surface is at grazing incidence. From Equation (46), one 
concludes that 


^1 - ^2 


then 
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Since reciprocity must hold for the doubly diffracted field, the doubly! 
diffracted field from edge (1), i.e., H^ 2 ) be equivalent to 
Equation (47). The total doubly diffracted field is then givey by: | 


.2d 


H = 2 (a,o,([)|) (3>‘n'“(|>|»o) 
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jka cos (j)j e 
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where the superscript, 2d, indicates double diffraction. 


(48) 


Figure 17 illustrates the different diffraction mechanisms that 
combine to give the triple diffracted field from edge (1). In this 
case, the incident field on edge (1) is the doubly diffracted field 
from edge (2). 
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Figure 17. Triple diffraction field components for a strip. 


in a similar way, one finds that all 4 components are equal, 
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The triple diffracted field fnom, ed g e, ( 2v l;ns obtaine d__bV-mu,l.t.i.Dly-i.nq. 
Equation (52) by 
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So the total triple diffracted field is given by 
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= 2 j sin (ka cos <\,^) D^(a,o,(i>p D^(|,o,o) D^(a,(|){,o) 


gjka cos 4 ,{ ^ 


where the superscript-,^^^ijdicat,es^tj^ip^le-X''|fifU, action. The sum of 
Equations (42), (48), and'pOSS;’) (gives' the ptotal backscattered field for 
the TE/case. Note that at normal incidence, the total backscattered 
field is dominated by the single diffraction term given by Equation 
(42), which in turn, leads to the same value for the echo width given 
by Equation'(37).n i 

The sum of the singly, doubly and triple diffracted field compo- 
nent is sufficient for computing the backscattered field for strip length 
of wavelength and above. For smaller lengths, higher order diffractions 
must be included. Note that the fourth order diffraction term is 
given by 

= 2 D^(a,o,<J>i) D^(|,o,o) H i 

e-j3ka g-jkp 

The derivation of Equation (54) follows the same procedure used for 
the doubly and triple diffracted fields. A self consistent UTD solu- 
tion for the strip which accounts for all higher order diffraction 

teyms is presented in'’A'ppetTdS9( g^hapter end line 
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The data computed using the above analysis is compared with the 
exact solution for a striip.. — E-i.gures_18=28— i-l-l.ustrate the accuracy of 
this analysis for strip widths 3x and 0.25X. In all of these figures, 
the data is normalized to broadside level. Figures 18 and 19 show the 
results for both TM and TE cases for a 3X strip width. The agreement 
with the exact solution is quite good. The results in Figure 19 are 
obtained by using diffraction terms up to the third order. Figures 
20 and 21 show the TM and TE plane patterns for a strip width of -I-. 

The TE pattern remain STinEag»::eementSv0ifhPWeTexa'et solution while the 
TM pattern deviates appr^ci'ab'l^y 9br‘^tn^^S®6f incidence less than 40° 
from edge on. This deviation is caused by the failure of our assumption! 
that the field diffracted from one edge to the other is a homogeneous 
cylindrical wave. As the strip size gets smaller, the nature of the 
diffracted field on the surface of the strip becomes more complex than 
a simple homogeneous cylindrical wave. Figure 22 shows the effect of 
adding the fourth order diffraction term to the results shown in Fig- 
ure 21. This indicates that adding more higher order diffraction terms 
will not improve our result near edge on. 

Comparing Figures 20 and 23, it is noted that the TM pattern is 
[computed very accurately by just using single diffraction. This indi- 
cates that even for smaller strip widths, the interaction between the 
[two edges is negligible and therefore, there is no need to include a 
[slope diffraction term to account for edge interactions. On the other 
hand, comparing Figures 25 and 26, illustrating the E-plane single 
diffraction term with their counterparts in the H-plane as illustrated 
in Figures 23 and 24, one observes the similarity between the two. 
Accordingly, one concludes that it is the double and triple diffraction 
jterms in the E- plane pat-t^er7»^?that-'*er§eit'e the^ dii-ff'erence between the 


E and H-plane patterns' 
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fraction mechanism for X/4 strip width. 
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Figures 2.1 and 28 show the contributions to the E-plane patternt- 


by the double and triple diffraction terms. For a 3x strip, the double 
diffraction term is only needed for incidence angles up to 40° and 
triple diffraction to 1 0° frdift‘^ed q eh5n^.*^*^'Th'e^ft value obtained for 
these two terms for a 0.25X strip makes it necessary to include higher 
order terms to offset this increase. 
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^ ^*^^'CHAPTERt^IV 

H-PLANE BACKSCATTERING FROM PLATES 

A. PLATE GEOMETRY 

Figure 29 illustrates the geometry used to define the plate which 
is assumed to be perfecU^jCp^duc,^i^iig 3 ^d-^o/^-|Zpj 5 Pj thickness The plate 
has N edges with the edgeyveetons,ugiiven^byjor 

i _ 

I ®p " ^p ^ ^p y 2p 2 . P = 1. 2 N .and (55) 


®p ^ ^p+r S Vf 


where is the position vector of the p^" corner and ^ is its length. 
The p^^ edge unit vector is then given by 

I = ;+ ^Vl~^P^ £ 

%) ^ 


®p = ^p yp y + 2 p 2 • 


jThe plate normal unit vector and the binormal unit vector to the p 
‘edge^. are defined, respectively, by 


e_x e_ 


Y ®P ^1 


= \ X + Hyy + n^z (58 

1i:t pagey Ciiaplc^r end line ' " 
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(59) 


B. EQUIVALENT CURRENT FORMULATION 


The analysis of backscattering in this chapter from plates is done 
losing the Equivalent current principle discussed in Chapter II. The 
jH-plane pattern is analyzed here by using the first order edge diffrac-. 
tion fields to formulate |the|fqjui|V,alent jcur/^en.ts^which are given byj 


( 1 ) 


2j 


fiw') (ti. ; , 


sln^eiP) '■ 'P' 


and 


(60) 


= 2j_ 6^(n,(}) j)') 


(1) 


''o' 




m'- Op) 


( 61 ) 


The derivation of Equations (60) and (61), and the definition of the 
different param|ters is shown in Appendix (B). In these equations the ; 
subscripts of I^i^j indicate the order of diffraction and the superscripts 
indicate current type, i.e., the electric or magnetic currents. 


The backscattered field is computed by substituting these currents 
into the radiation integral. The RCS is computed by using 

s,2 


1 im 

r-*<o 


47rr 


2 lE^ 


TT2 


(62) 


It should be noted that Equations (60) and (61) are valid for computation 
of principle E and H plane patterns. For any other pattern cut, as 


the one shown in Figure 30, one has to use the components of the Equiva- 

, . 1st page Chaoter end line 

lent currents perpendicular to the plane of incidences.accordinqly lEqua- 
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tions (60) and (61) are modified by replacing 
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where the unit vector e* is defined as a unit vector normal to the plane of 
i incidence, i.e.. 


|•>^ /VI 

II X n| thesis/ dissertation 

where I is the incident ^hTt’^vec?6r‘^^and'^h'’^fs^ the plate normal unit vector 
defined in Equation (58). 

This use of Equivalent currents is necessary since the far field 
diffraction coefficient of a single edge becomes singular as the observa4 
tion point approaches a shadow or reflection boundary. A diffraction j 
from a second point in the incident plane is required to remove this | 

singularity as was done earlier for the strip (see Equation (36) ). j 

A physical representation is that the plate takes the form of an array 
of strips parallel to the incidence plane. ! 

! 

Therefore, only the components of the Equivalent Currents perpen- j 

dicular to the incidence plane need to be considered. | 

C. BACKSCATTERING FROM RECTANGULAR PLATE 


Calculating the backscattered field from a perfectly conducting | 
plate has been investigated by several authors. Ross ^28j has applied 
the Geometrical Theory of Diffraction and physical optics methods 
to predict the RCS of ^ '^onTIDcting'^fe'ct'angul^^^ His results were 

in agreement with measured data except for regions near ^dge on incidence. 
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One of the reasons for the failure of his solution is the use of a plane 
wave diffraction coefficient for the higher order diffraction mechanisms!, 

Yu 29| improved the result for a rectangular plate by using the technique 

|LJ ri-'-N iii 

developed by Uf i mt se v 1 30 j, who nfs^d-ndhli'ifff orm ’’’e y 1 i n dr i c a 1 waves in | 

jconjunction with the reciprocity principle to describe the secondary dif- 
jfraction. His solution also did not include a necessary edge wave mech- 
anism. This problem is also to be discussed in this section for the 
|RCS of thin rectangular plate at grazing incidence as a function of 
plate length and vertical polarization. Hey, et. al [si] and Knott, 
et. al ^32j have reported measured data for flat plates two wave lengths 
in width and lengths as-jSma^lc^as (l.j^_^^n,dpasy-fl^ng as 7X. Ross ^2sj 
also provided an empericalylytrderdivedicequabT.^ to fit the measured data. 
Finally, a set of different shaped plates are studied. In several in- 
stances, the edge wave mechanisms have not been included and this will 
be noted as is appropriate. 


nch 


1. RCS From Thin Rectangular Plate Illuminated At Edge On ! 

1 

I 

1 

The geometry of the problem is shown in Figure 31. A rectangular | 

plate of length ^ and width ^ is located in the x-y plane, and is ilium- j 

inated at edge on by a plane wave of unit amplitude and polarized parallel 

to edges 2 and 4. The term defines corner i on edge j. The 

j incident field is given byD , 




= X e 


jky 


j 

( 66 ) 1 


'As this field is diffracted from corner it excites an edge wave. 

Over the surface of the plate, the field of this edge ray is^of !coufse,;\ 
polarized perpendicular to the plate. This field illuminates the back ; 
edge. The field diffracted back y this edge interacts with 
the front edge and cornej^s illustrates the dif- 

ferent interactions that contribute-to. the ibacbjsx:''atfer.e:dt*fneldt.d Ob-c: 
serve that the second corner diffraction is required to convert the 
z-po4-ar-i-zed-fHel-d-on-the-surf-ace-^Of^thV-p4-^te-to-the“ori'gina'l~x-pcrrar'i'zet 
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Figure 31. Edge on case geometry. 


estate. Also, these z-polarized fieljds on the surface of the plate will 
lyield a strong cross polarized component for some non-grazing incidence 
and radiation angles. This cross polarizing mechanism has not been D 

studied in detail at this ?ime'‘^I^ut^t'}?e'’^t¥ch'niqu^^ developed herein are 

.. ’ 

directly applicable to it. 

Figure 32-a illustrates the interaction between corner and 
itself. The different parameters shown in the figure are defined by 


a^ + 


e_ = tan 
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[ihe value of the edge wave field at xhe back edge due to corner j 

is given by, 

1 2 inch Chapter LinTrJkSj^ | 

E<“> = ■ (67) 

.where is defined in Equation (27). Using the Equivalent current 

i n 

■concept, one can find the field due to the back edge. This field, in 
jturn, diffracts from corner and radiates, the desired x-polarized; 
field ebmpdnent. given -by, 'C c .i 

r" I - jks 2 

H ^ eifesisf/ !Xre^)^RTA^iON e ^ ^ . 

^ ir «;inft v^ypinQ C jtbk' l^eTjcf’2’ c, r~ v 

I 17 sinBg y > I W (68) . 


[The mechanism consisting of diffraction from corner to corner C 21 
pack to corner and hence to the source is inherent in Equation (6i 
[Of course, there is a similar component that comes from corner 


} The interaction between and shown in Figure 32-b is found 
in a similar way. In this case the field diffracted by the back edge 
is diffracted also by the front edge. The necessary parameters shown 
in Figure 32-b are defined as follows: 


S2 =-y a^ + x'^ 


-1 x' 

L = tan ^ ^ 
C2 a 


6d ' 7 - Sc, 


[and S-, , 8- , 8. are as defined before. 

J X 0 


(The backscattered field due to this interaction is given by 
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|A similar expression holds for the interaction between ^i^d 

The third field component shown in Figure 32-c is the edge diffracted 

THESTS / DIS'^ERT ATION 

field from the front edge. .It is evaluated by using the Equivalent 

I y ping Guido i-'aper-' 

current method and the field is given byij 

jd , ^ ^J2ka £i^ _ 

^ 2tt y 

1 

The total backscattered field is obtained by summing up all the three 
different components. ' ' | 

2. Discussion i 


Figures 33-35 show the results for H-plane pattern (E.-pol ariza- 

j ^ 

tion) for three different square flat plate sizes. The results are 

compared to measurement data as well as results obtained by Ross |2^. <His'' 

solution included higher order diffraction terms. His calculations are 

good everywhere except near grazing incidence. This error is caused by 

'the use of plane wave diffraction coefficients which become singular 

near grazing incidence in the higher order diffraction terms formulation. 

The, equ'iValeht . current solution as developed herein overcomes this | 

difficulty as shown by the good agreement with the measured results. 

Figure 36 shows the H-plane RCS pattern for a 3x x 3x plate. It is com- 
ist paqc Ghaptcr end line 

pared with a moment meiyio^solu;Uoji_us^ing s^uj^f ^(^gj?a;^che^(.^mpd|l^^^ 
by Newman |33j . . For 'near edge on*, incidence; the two solutions give 

r esults which differ si g nificantl y, is T'h ei re as.on_i.s_that-h-igher-order 

diffraction terms and the edge wave mechanisms discussed earlier 
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Figure 35. Eq, 0=90° RCS pattern for a 6 x'6 inch flaf^pTate 
(X= 1.28 inch). 
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j Figure 36. Eq, 6=90° RCS pattern for a 3X x 3X flat plate. 
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Figure 38. Edge on RCS of a rectangul ar pTate^^as a function 'of ' ' 
plate length (b/x = 0.53). 
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have not been included in the solution. A three dimensional i — 

! 

plot for the RCS from a 2x x 3x rectangular plate (E polarization) 

0 

is shown in Figure 37. Again, only Equivalent currents corresponding 
to first order interact ions ar'e*^use*d^t*6^ q enerate the data shown. 

As will be shown in Chapter VI, the higher order interactions play 
a very important role in RCS computations in pattern cuts other than 
the principal one. These interactions are not included in Figure 
37. Figure 38 shows the RCS of a rectangular plate illuminated at 
edge on. The plate width is 0.53x. The results are compared with 
measured data obtained by [32j, and the results are in good agreement 
for plate lengths 3X an^^bo^vey fA^^^iJowe»f js^i.-zes, the agreement 
is in error by several deG|iMesv3uT.hdsPiin;dticates that for small plate 
widths and lengths, higher order interactions that involve other corners 
become significant and should be included in the solution. This be- 
comes clearer if one compares Figure 38 and Figure 39. Figure 39 
shows the results compared to measured data obtained by [sij for a 
2x plate width. Over the same plate lengths range, i.e., (2x - 2.6x), 
the peak to peak deviation is about 0.5 dB in Figure 39, while it 
is about 2.5 dB in Figure 38. By examining Figures 38 and 39, one 
notices the rapid change of the fields near a pattern null. This 
behavior makes the results more sensitive to measurement alignment er- 
rors in that region of the pattern. The computed results for the 
null value in both Figure 38 and 39 is in error by several decibles. 

Note that the measured results span the computed results at = 2.4, 
which indicates an alignment error in the measured results. In Fig- 
ure 40, similar results are presented for a 2x plate width. The agree- 
ment is good which indicates that the dominant mechanisms for large 
plate sizes are the ones discussed earlier. 

D. BACKSCATTERING FROM A GENERAL SHAPE PLATE 

1st page Chapter end line 

In this section, -the-RCS- patterns -of diffe^gnt Ctypescof <pl'ates'i<are 
analyzed. Northrop ^34] analyzed the plate shown in Figure 41 by 
subdi-vi-dingH-t— into-a-number-of^stri[is-r^-he-scattertng"from""e'a'Ch 
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iFigure 41. Northrop Fin. 


of these strips was obtained using Ufimster's strip solution and then 
; summing these to give the scattering from the plate. This model has 
! two disadvantages: i 


1. As the plate geometry changes, one has to find the optimum 
number of strips that give satjisf actory results. 


I 2. If a pattern cut other than the principle plane cut is 

required, the modification of jthe strip model is not a simple 
task. j 

I The Equivalent current method used jto analyze the different types 
of plates overcomes all of these difficulties. While the Equivalent 

^ the broadside lobe is in essence 

Jel, this model reduces to a much 
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current model used in the region 
a modified version of the strip i 
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simpler model for other regions of the pattern. It becomes a simple*” 

set of line currents around the perimeter of the plate which are used ! 

in conjunction with a free space Green's function. Thus, the RCS 

2 inch Chapter Lint' I 

patterns of these Equi valent-eurrent-s-ean-read-i-ly be computed for ' 

any observation point. The results obtained by this method for the 
H-plane pattern (E„ polarization) is shown in Figure 42. The solution 
actually traces the solution obtained by Northrop and is in good agree- 
ment with their measurements. In the region near edge on, i.e., 0°<PH<30*' 

n n 

.any 

ments. This may require the use of the edge wave mechanism. It was 
found that at such highhfirequenties^pS(17^76^G’Hz')^ the RCS patterns 
are extremely sensitive^oPoP'Pent'at'Ton.’^^Tn'^Figure 43, the results 
obtained by rotating the plate in the x-z plane by a mere 2.5° are 
shown. A drop by 10 dB is obtained at PH=0°. 


150°<PH<180°, the Equivalent current solution differs from measure- 


! The principal H-plane RCS pattern is dominated by the fields ' 
diffracted by the front edge. In regions near edge on, the Edge wave | 
mechanism gives a significant contribution. This is seen in Figure j 
42 (150°<PH<180° region) and also in Figure 44 which shows the princi- | 
pal H-plane RCS pattern for Northrop fin at 9.067 GHz compared to ' 

measured results obtained by Mr. Chu [ 35 ] . Good agreement is ob- ' 

tained and one notes the existence of ripple in the angular region 
0°-60°, which is caused by the edge wave mechanism that is not yet j 

included in our solution. Figure 45 shows three different modifi- | 

cations to Northrop fin. The effect of these different modifications 
on the H-plane RCS pattern is clearly seen in Figure 46 which shows 
the H-plane pattern for these plates compared to that of the Northrop 
fin. One notices that a small change in the angles between edges 
results in more than 13 dB reduction in RCS in these planes. Of course, 

this reduction is achieved at the expense of an increase elsewhere. 

1st page Chapter end line 
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Figure 42. Eg, 9 = 90° RCS pattern of Northrop Fin :at 17.76 rGHz. 
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The following results to be discussed demonstrate the versitility 
and power of the Equivalent current method. Only first order diffrac- 
tion Equivalent currents are used to compute the results. All plates 

2 inch Chapter l-inf' 

are located in the x-z pTane-and-t-he-H-pl-ane-RGS pattern is computed 
in the plane 0=90°. 


Figure 47 shows a plate with a curved edge smoothly connected 
to a straight edge which forms a triangular type junction. The model 
used in the analysis is shown in Figure 48. It uses three straight 
j edges to model the curved part of the original plate. Figure 49 
shows the H-plane RCS 'pat'feniP ('EQt^pb'Wr-^^^^ this plate and 

the agreement between calculSSe^'^'ah^d^m^^Bred data is quite good. 

The deviation between the two results, especially as one approaches 
I the edge on case, is due to several factors. The first is probably the 
effect of the finite curvature of the curved edge which is not accounted 
for in this particular model. The second factor is probably the higher | 
order interactions such as edge wave mechanism and multiple diffractionsj 
between edges. Figure 50 shows a plate which has no straight edges. | 
The plate model used in the computation is shown in Figure 51. It uses , 
18 edges to model the curved edges of the original plate. Figure 52 
shows the computed H-plane pattern compared to measured data. In the 
region 90°<PH<180°, the computed results are quite good. It predicts 


quite closely the general behavior of the lobe structure. However, in 
the region 45°<PH<90 , our model does not predict the deep nulls shown 
in the measured data. It is our understanding that this lobe structure 
results from a creeping wave like mechanism associated with the edge 
curvature. Such mechanisms give rise to two waves which interact with 
each other to give the deep nulls observed in the measured data. Again 
the failure of this model to simulate the finite edge curvature is pro- 
bably the cause of the deviation between the two results. As a first 

approximation, one can^ffse^tKe'eff^^*vi^ m&chah'fsm to simulate the ef- 

l‘;t oaqc Chapter end line 

fects of the finite curvature of an edge. Such a method has not yet 

been included in our solution. 
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51. Model used for the plate shown in Figure ,50.. 
Dimensions in centimeters. 
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The final plate analyzed is the one shown in Figure 53. This 
plate involves a large triangular section. The H-plane pattern is 

shown in Figure 54. The computed results are compared to measured 

! 2 inch Chapter Liof' 

I data and good agreement -i-s-obtained. — T-he-dev-i-ation between the two 
I results in the region 0°<PH<30° is probably due to higher order inter- 
ii actions involving the edge wave mechanism. Such interactions are going 
ito be discussed in the following chapters. 


IE. BACKSCATTERING FROM A DISK 

The closed form sol utiion^f bn JstatiteringTf.r^^^ a perfectly conducting 
thin circular disk has b^efp^aviai'l'ab'l’e fo'rPmany years [^36,37 . Several , 
authors worked on a more efficient way to calculate the scattered 
field. DeVore, et. al., [^s] , succeeded in reducing the difficulty 
jin obtaining the Eigenvalues for oblique incidence. Bechtel 39 ] 

|used Keller Geometrical Theory of Diffraction to compute the disk ' 

|rCS for both principal polarizations using first order diffraction. , 

I His results were in good agreement with measured data for angles less | 

than 30° from broadside. For angles greater than 30°, his E-plane 
jipatterns deviate considerably from measured data. This is due to 
meglecting the higher order interactions. The H-plane pattern, on 
Jthe other hand, deviates from measured data due to neglecting the 
i effect of creeping waves for near edge on incidence as discussed by 
jRyan, et. al [ 40 ] . A more detailed list of references concerning 
scattering from a disk is shown in jzsj . 


I In this section we use the Equivalent current method to compute 
the H-plane RCS pattern of a disk using the Equivalent currents corres- 
ponding to first order diffraction. The geometry of the problem is 
shown in Figure 55. A disk of radius a is located in the y-z plane. 

The pattern cut is tak^n^tiri^ithe iP-'Ppl'ahe.e'^'The'Hisk is modeled by 
a multi-sided plate. Figure~56~shoWs"tw6 pTat^1no'de9s^;^^n^'"has 
sides and the other has 12. The number of. sides used is limited by 

I-VtS. 1 i \ ' 

jits electrical length which should be of the order of a wavelength. 
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Figure 53. Plate geometry. Dimensions in centimeters. 
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The results presented in this petion are all compared with an < 

exact solution obtained by using a computer code made available by . 
Professor Hodge |41^. This exact solution is based on Andrejewski ' s 
rigorous eigenfunction sol^t 1 * 0 ?! ‘^tP*tfig^dfsl< scat tering problem. The i 
first order Electric Equivalent currents are used to compute the H-plane 
pattern from the two disk models shown in Figure 56 for different plate 
sizes. Due to the symmetry of the problem, the pattern is computed for 
pattern angles between zero and 90 degrees. Figures 57-58 show the H- 
plane RCS for the 8 and 12 sided plates respectively. The plate size 
is ka=8.28. The results are compared to Bechtel ' s solution ^39j where 
he used Keller's GeometrijC^l[4|?®9?5-ys?fL compute the disk 

RCS as well as the exactrspilutjionuiciBothaisoTutions are in good agreement 
with the exact one in the main lobe region. As one moves the incidence 
angle toward edge on incidence, both solutions start to deviate from 
the exact case. This is due to the fact that in the region near edge 
on, the creeping wave mechanism |;4o] contributes extensively to the RCS i 
pattern. Our solution does not include this mechanism. Hence, these ! 

results would indicate the angular extent for which the creeping wave 1 

is significant. One could use the forward scattering of the edge wave 
mechanism to simulate the creeping wave effect. However, the corner j 
diffraction coefficient does not adequately treat this case as yet. 
Figures 59-66 show the H-plane pattern for different plate size and 
for both models. As the plate size is increased, the 12 sided plate ^ 

model gives better results than the 8 sided plate model in the range i 

0°<PH<50°. This is because the 12 sided plate models the disk more 
closely than the 8 sided one, as the plate size is increased. Note also 
that the 12 sided plate always gives a lower level at edge on compared 
to that of the 8 sided plates. This is due to the edge size which is 
smaller in the 12 sided model. The results shown in Figures 57-66 are 
computed in a pattern cut that passes through the plate edges as shown 
in Figure 56. Figuresi67c-6^^hoythtJ?^t<?iesul^j pM^ined for two plate 
sizes, ka=8.28 and 20,-fop- the -case- when- thetpa'feternCcut:5ti;s-t'ake'nlsiuch 
that it passes through two plate corners in a symmetrical way. The region 
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Figure 57. 

Ee> * 

(ka =, 

= 90° RCS pattern for the 8 sided disk model 
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Figure 59. Eg, 0 = 90° RCS pattern for the 8 sided-disk model 
(ka - 8.59). 
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Figure 60. Eg, 0 = 90° RCS pattern for the 12 sided disk model 
(ka = 8.59). 
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(ka = 20).- 


1st paqs Chapter eriw 



; I inch 
■\h 


JAB/00 


EXACT SOL. 
CALCULATED 











Cent( r Guide 


1 inch 


’ near edge on is still in error which indicates the importance of in-j 

D 

eluding the creeping wave contribution to complete the solution. Some^ 
slight improvement in the region away from edge on is noted. In 
Figure 69 and 70 y.; Our" resuft c ompci tj 0. us i ng 12 :s4ded;.di sk ' ' > j 

model is compared to a solution provided by Mr. Chu , in which he 
I used the Equivalent Current method to compute the RCS pattern by inte- 
j grating numerically over the disk rim. His solution does not include 

Jl 

jjthe creeping wave contribution. Figure 69 shows the results for ka<»8.28. 

sThe Chu solution traces the 6TD solution obtained by Bechtel while in 

! 

Figure 70 the results for ka=10 are shown. The Chu solution gives bet- 
ter results in the regi.on_40,^PH'605cWhich /indicates that using a 
disk model with more edgespGiTpjSeruresemb£l,esrthe actual structure and 
‘provides better results. I 


F. COMPARISON BETWEEN CORNER DIFFRACTION AND THE EQUIVALENT 
CURRENT METHOD 

As was shown in the previous sections, the Equivalent current 
method gives adequate results for RCS computations. This method gives 
its most accurate results in the principal plane, since the radar 
lies on the cone of diffracted rays. As the radar is moved off 
the principal plane, its direction is moved away from the specular 
one, and accordingly, one would expect that the first order Equivalent 
current method results would become weaker as one moves further away 
from the principal plane and other mechanisms would become more 
significant. 

In this section, the use of corner diffraction method is discussed 
as an alternative way to the Equivalent current approach to compute 
the contribution of first order diffraction to the RCS from plates. 

1st page Chapter end line 

The corner diffracted- f-iel-d- [-l-9j— was discusts.ed fgariT-ier' tn'^Ohapter 
II. For the case of far field and plane wave incidence. Equation (26) 
•reduces— to-g-i-ve ^ — 
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i: Figure 70. E , 0 = 90 RCS pattern for the 12 sided disk model compared' 
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where 


tan 3, 


D = C (Qr) 


8tt 


^«e) 


2 JlitT 


k cos^B. 


- j-i_ p ico^m 

COS 4> \k cos'^3. 


substituting Equation (73) into (72) one obtains 
J tan 8„ r I , ,1 I 


F A/i 


Aa \ 5t4_ f(cosV_ 

k cos^ 3„ ) cos <l> \k cos'^ 

^ 0_/ \ 0. 


I Equations (72-74) were obtained by jsubstituting 
L=<” , = “> ! 

I 3j,= tt-Bq 3g=fr/2 'and 

: c 


The definition of all the different parameters can be found in Chapter 
II, Section D. 




For the special case when^e^ = Equation (74) reduces to_ give 
- Jtt/4 


Ds= 

h 


V 




cos (t) 


) 


(75) 


The above Equations were used to compute the RCS for some of 
the plates discussed in sections D and E. The plates are located 

in the x-z plane. The H-plane (E polarization) is computed in the 

0 

x-y plane. The results are compared with those obtained by using 
the Equivalent current method. Figure 7-i shows the RCS pattern for 
a 2X square plate. The pattern is taken in the principal plane 
(9=90°). The agreement between the two methods is excellent as one 
would expect. Figures 72 and 73 show the RCS conical patterns for the 
same plate. The patterns were taken for 0=60^. and 0=30^ 'respec- 
tively. The two methods agree well in the main lobe region. They 
start to deviate in the side lobes region especially as one approaches 
edge on incidence. The reason for this difference is that in the 
Equivalent current method, the three dimensional behavior of the scat- 
tered fields is computed through the radiation integral. One would 
question its accuracy in predicting the fields level as the receiving 
point is moved out from the main lobe region of the radiation integral 
pattern as is shown in Figure 74. 'In the corner diffraction method, 
the three dimensional effects are taken care of by the transition 

t 

functions involving 6^ and . Even though the two methods give 

C 0^ i 

C i 

two results that differ in the side lobe region, this difference is 
not going to affect the final results, since in this case, higher 
order interactions contribute significantTsy!t6 all regions of the RCS 
pattern. , ,This is ! to ibe discussed ..inemore detail '"in? Chapter V and VI. 

Figure 75 shows the H-plane RCS pattern for the plate shown 
in Figure 56. The agreement , between, ^the, 1^p„methods is good 
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; Figure 74. Radiation integral pattern. 
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i'for the entire pattern. Figures 76-77 show the H-plane RCS patterns 
ifor a disk for two sizes, ka-8.59 and 9.45. The pattern cut is taken 
! through two corners in a symmetrical way. Figures 78 and 79 show the j 

'is ' 

{same data for the case when the pattern cut is taken through the edges ' 
as shown in Figure 56. The agreement is sufficient for engineering 
applications. 


Finally, one should note that when using the corner diffraction 
method to compute the fields in the H-plane case, the pattern angles 
should be displaced by some small numbers, i.e., PH + and e + £2 
where and £2 are much'’tles^3'than''dne'?'^ ThTs Wchnique follows the 
same reasoning used in“Ch'apter TII~to~obtain’4l?#^Te9(^^‘^^ld^ at'T)roaffs i de 
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SUMMARY OF H-PLANE BACKSCATTER ANALYSIS 



I The analysis in this dissep^tat(i| 0 ,iji^tiS' b^eiiP introduced sequentially j 
according to the complexity. TFiT^hapter focuses attention on the H- 
jplane patterns where the Electric field vector is oriented perpendicular 
iito the plane of incidence. 


II 
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I The techniques used to obtain the broadside RCS in the H-plane are 
jin general applicable for any other plane. The major developments for 
jthis broadside RCS analysis being the orientation of first order Equiva- 
lent Currents taken pe7pem^‘.c^lar:^l!o ^he incidence plane and then simply 
lusing the accuracy of the computer to remove the singularity at near 
jnormal incidence. This makes it possible to approximate the broadside 

.RCS with good accuracy. 

! 

I ' 

j It would be expected that the near edge on incidence RCS is dominated 
jby the leading edge of the plate for this polarization and in general j 
jthis is found to be true exclusive of creeping wave type of phenomena, i 

JThe effect of such creeping waves are evident in the RCS patterns of \ 

|the circular disks for PH near 90°. However, for rectangular plates 

Iwhose leading edge is longer than the edge parallel to the direction 

1 

l!of propagation, the leading edge diffraction is the dominant mechanism. 

{Even here for smaller square plates whose dimensions are of the order 1 
1 

'of a few wavelengths, the multiple corner diffraction and edge diffraction 
jmechanisms become significant but not dominant. 


However, as the plate becomes elongated in the direction of propa- 
gation, these multiple corner diffraction mechanisms become dominant 
terms and must be incorporated in the analysis. A later chapter will 

discuss in detail the H-plane RCS patterns for a narrow triangular plate 

1st Dagc Chapter end line 

where some rather interesting features appear. ^ 

^ 1st page Chapter end line 
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C A set of rather general shaped Iplates have been treated using only 
first order Equivalent Currents. For this polarization, it is seen 


that in general this gives adequate results. The curved edges of these 

2 inch Chaoter Litir 

plates have been model ed-by-st-r^a-ight—l-i-ne-segments. Variations from 


jmeasured results, while small, appear since creeping waves, edge waves 


multiple corner diffractions have not been included in the analysis, 
primarily because they are not dominant mechanisms. These more complex 
phenomena will be discussed in later chapters, particularly for the 
E-plane patterns. 
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I The one topic beyol1dEtheSscope^oT>htRifs^3i%'s^^ is the creeping 

iwave analysis. The effe^t'RDY''^:h§Mcf(eep^iR^^wa^ on the RCS is particularly 
jevident in the RCS patterns for the circular disk for near edge on inci- 
dence. 

j I 

I The following chapter focuses attention on the higher order diffrac- 

tion mechanisms. These are particularly important for the E-plane RCS j 
patterns and become dominant mechanisms for non-principal plane patterns] 
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E-PLANE BACKSCATTERING FROM PLATES USING 
HIGHER ORDER INTERACTIONS 
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|A. INTRODUCTION 

i 

In Chapter IV, the-^e^--^ct interactions on RCS 

jComputation were discussed«irTheseiiinteract;ions generally involved only 

'single edge diffraction terms. The fields associated with these mech- 

{ 

jamsms were sufficient for computing the H-plane pattern. The results 
|Obtained by using the Equivalent Current (EC) method or Corner diffraction 
liwere in good agreement with the measured results through out the pattern: 
|Some deviation between the calculated and measured results were observed' 
!in the near edge on region. These variations were due to the higher ; 

order interactions to be discussed here and in the following chapters. ! 

\ i 

|| In this chapter the interaction between plate edges shall be consid- 

Ij 

lered. This involves double and triple diffracted rays between edges. 

The EC method is to be used to compute their contribution to the RCS. 

JThese two types of multiply diffracted interactions will be seen to be | 

) 

very important components in the computation of E-plane RCS patterns. 

The incident field is assumed to be a homogeneous plane wave and 
jis given by 
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E^ = (E^ ^ + Ey y + E^ z) 

(76) 


2 inch Chapter Line 
where ' ~ ’ 

g = X sine^ cos: P'h! + y sin9^s,mPH^^+ z cos0^ 


|Figure 80 shows the plate and radars geometry. The plate is located in 
the x -2 plane. The E-plane RCS pattern is taken in the x-y plane. 


B. EQUIVALENT CURRENT FORMULATION 

THESIS/ DISSERTATION 
Typing Guide Paper 

The fields of the doubly and triply diffraction rays between plate 
ledges are computed by constructing the corresponding magnetic Equivalent 
icurrent and using it together with the radiation integral to compute 
The far backscattered field. 


In the analysis of these two mechanisms, one has to consider the 

(Shadowing effect between edges. In Figure^, an electromagnetic plane 

THfhSIs/ DISSERTATION , . 

wave is incident on the .p edge.,, the diffrapted field then illuminates 

I .j^u Typing^ ouide reaper' 

*a part of the q ” edge and in turn the field diffracted from the q 
edge illuminates part of the v^” edge. The method used to determine 
the illuminated region on an edge is shown in Appendix A. 


The Equivalent currents corresponding to the double and triple edge 
diffraction fields are given by-j 


( 2 )) 


,m _ -h eJ"'"' ,(p) (p), 

y„k Sinelo) ^ ’ 

" jks 
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The derivation of Equations (77-78) is shown in Appendix B. In 
these equations the subscripts of 1^2 3 ) indicates the order of diffrac- 
jtion and the superscript indicates current type, i.e., the electric 
I or magnetic currents. Figure:;82J. defines the different parameters used, 
where Q^P\ defines the diffraction points on edges p, q, 

[and V, respectively. / ThV edg e^\unit<vectors are e-,i^eo,-e . for these eldgt 
' and Sp S 2 are the distances between these diffraction points. I and 
id are the incident and diffracted unit vectors. 


, When .one sub;stitute$: these currents ' int 0 jth^rAfl 1 ati_om|Oi^J 9 ’" 3 l»ta:^^ 

numerical 'integration has tO'be-_:U.sed to evaluate Jit. Thejntegration is 
carried out only over the illuminated part of the edge. Observe that ! 
there is a shadow boundary effect in the ray trajectories of Figure ; 8 f ! 
This could be circumvented by adding corner diffracted fields to the ' 
fields incident on edge q (and subsequently to the field of edge v) as ' 
|is shown in Figure 83’ and including these results in the Equivalent ! 
iCurrents. C A pulse type integration scheme was used in 'computing / j 
jthe data presented in this chapter. | 


One must observe that if the Equivalent Current is used only over 
the illuminated region, then the integration will approximate the fields 
from the diffraction caused by the resulting shadow boundary. 

C. BACKSCATTERING FROM A GENERAL SHAPE PLATE 

1st page Chapter end line 

XU r T 4 .^ — X l^t oaqe. Chapter end line 

The E-plane pattern for an arbitrary shape plate is a more complex 


problem than the H-plane case. This is because the E-plane is dominated 
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by the back edge, accordingly interaction between the plate edges play— 
an important role in E-plane RCS pattern computations. These become 
quite significant for near the edge on region as has been seen earlier 
for the strip. Only si nql^ /*doubTe*^^ffS^frtpTy e dge diffracted fields 
were considered, these were found to give adequate results for the geom- 
etries used in our analysis, however, fourth order diffraction or even ■, 
higher may be included when dealing with smaller size geometries or when 
considering patterns other than the principal E-plane. The EC method is 
used in computing the contributions of all of these three mechanisms. 
When computing the fields caused by the double and triple edge diffrac- ' 
tion, ray tracing technjl^ques^cmustjbecu&e^ytoyde^^^ the extent of the! 
illuminated region on anredgegas3ineeded^cf!orrthe numerical evaluation of 
the radiation integrals associated with these interactions. The fields 
diffracted from one edge to the other across the plate are assumed to be 
plane waves. 


Using these three mechanisms, the E-plane pattern for the Northrop 
fin [34] shown in Figure 41 has been alanyzed. In Figure 84 our E-plane 
RCS plane for the Northrop fin at 17.76 GHz is compared with their solu- 
tion and also to their measured results. Northrop treated the problem 
by breaking the plate into parallel strips. Our solution actually traces 
the Northrop solution. But both solutions deviate from the measured j 
data near edge on regions. Considerable effort was directed to computing 
the null value at PH=150°. It was found that the E-plane pattern is 
extremely sensitive to orientation at high frequencies (17.76). This is 
clearly seen by examining Figure 85 which shows the results obtained by 
rotating the plate in the X-Z plane by a mere 2.5°, compared to the same 
measured data. The calculated results in Figures 84, 85 span the experi- 
mental results reported by Northrop. This explains the deviation between 
measured and calculated results in the region 110°<PH<180°. However, 
the deviation observedi ip tli^ereg;ip.np0?,<PHtc.^^^ caused by not including 
the edge wave contribut-ion- in- our-so-l-ut4onlstNotei£thlit'sthe^motafi6h'''Ep|^ 
is used to indicate the PH component of the Electric field in the 
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Standard spherical coordinate system. Typical E-plane patterns (Ep^ 
polarization) for single, double and triple edge diffraction components 
for Northrop fin at 17.76 iiHz are^shown in, Figures 86-88. In Figures i 
87-88, one only observes-the-pat-terns-for-the-range 90 £PH<180‘^ since i 
the higher order terms are significant only in this region as is apparant 
by the comparison between Figure 84 and Figure 86. One also observes 
from Figures 87 and 88 that these terms, namely double and triple dif- 
fractions, are only needed for about 40° from edge on. This becomes 
even clearer by examining Figure 89 which shows the sum of these two ' 

components. i 

THESIS/ DISSERTATION i 

The ray mechanisms''t-liSt'^^efl^i^‘tlfd¥^'i^ computing the double edge 
diffraction term are shown in Figure 90 where the incident ray is in 
the x-y plane. The ray diffracted from edge 4 (Figure 90-a) will illum- 
inate part of edge 2. This illuminated region will or course depend 
on the angle of incidence on edge 4; however, the ray diffracted from 
edge 2 (Figure 90-b) will illuminate the entire edge 4. In Figure 91, 
one observes the component of the RCS pattern obtained using the EC as- 
sociated with the double diffracted ray between edges 4 and 2 (ray 4-2), 
while that associated with the double diffracted ray between edges 2 
and 4 (ray 2-4) is shown in Figure 92. 

The EC method used to compute the field components shown in Figures 
84-88 has an inherent error caused by the shadowing effect of an edge 
as is shown in Figure 93. To correct this inherent error, one has to 
include the corner diffracted fields .which are the only ones that can il - 
luminate the shadowed part of an edge. It should be noted that this 
source of error does not considerably affect our results since the double 
diffracted field is only needed in the region near edge on and by ex- 
amining Figure 91 and Figure 92, it is clear that the difference between 
the two results is very^sma'l^l^^e^r^^e'cT^'” o'fi'^r'egiSn; however, this dif- 
ference could be largenpoT riJi'ffereTff ’^late'^glometry'?^^^®'" 
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. Figure 86. Ep^, single' edge diffraction contribution to 0 = 90° RCS: 
I pattern for Northrop fin at 17.76 GHz. 
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Figure 88. 

I pattern for Northrop fin at 17.76 GHz. 
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(a) RAY PATH 4-2 



(b) RAY PATH 2-4 
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Figure 90. Double edge diffraction ray paths. 
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1 9.067 GHz is shown. The results are compared to measured results ob- ^ 

tained by Mr. Chu 35 . Note the good agreement between the two results \ 

L -* ^ inch r3napter Line I 

especially in the region-O-£PH<90— as-compared-to that in Figure 84. I 
This indicates that at higher frequencies, the edge wave fields contri- 
bute more significantly to the lower levels of the RCS pattern. ! 

In Figures 95 and 97 the individual contributions to the E-plane 
j RCS pattern are shown due to single, double and triple diffraction mechan- 


isms of Northrop fin at 9.067 GHz. The effect of modifying the Northropj 
fin geometry as shown "n hi tF^i'giJre'' 45^^'s5*seli7^^i7ii^prgure 98. Again a small I 
change in the plate angl^s'^r’es’ulls^^n ^^e^than 15 dB reduction in the 
E-plane RCS pattern. Of course this also implies the RCS has increased 
in some other regions of space. Table 1 shows the different edge dif- 
fracted rays associated with single, double and triple diffraction mech- 


E an isms which were used in our solution. It was found that double and ' 
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"triple edge interactions between edges 2 and 4 are the ones that contril 


bute significantly to the E-plane RCS pattern. The contribution of other 
edge interactions involving edges 1 and 3 were insignificant. However ! 
when computing the RCS patd:e^,nc^i,nca^,Pflane other than the principal E- | 
plane these interactions should be included. ’ ' 


1 inch 


Finally the E-plane RCS pattern for the plate shown in Figure 47 


is seen in Figure 99, it is compared to measured results psj . The 
agreement between the two results is quite good. The deviation between 
them in the region 0°<PH<45° is probably caused by the finite curveture ■ 

of the plate and also by not including the edge wave fields in our i 

THESIS/ DISSERTATION ! 

solution. ^ ^ ^ : 
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D. BACKSCATTERING FROM A DISK 

The E-plane RCS pattern for a disk is analyzed by using the Equiva- 
lent current method. The geometry used is shown in Figure 100. The 
disk of radius a is in the y-z plane and the pattern is taken in the 
x-y plane. The disk is modeled by a plate with finite number of edges. 
Figure 56 shows the two models used in our analysis, and the results 
presented here are compared with the exact solution [n'J . Our solution 
includes the Equivalent currents associated with single, double and 
triple edge diffraction. Figure 101 shows typical ray paths for double 
and triple diffraction. Note that use of diffraction between straight 
line segments eliminates the needTto consider caustics as would have beei 
necessary if the diffraction by the circular rim were used. 

Figures 102 and 103 show the E-plane (Epj^ polarization) pattern 

for ka=8.28 for both models, the 8 and 12 sided plates respectively. 

These results are compared with the exact solution and also to results 

obtained by Bechtel [ 39 ] . His results deviate considerably from the 
^ . . '■ 1*ktf,paqe Chapter end line 

exact one in the range 45 <PH<90^. This i s^ because Ais ^solution does 

— — — — — — — . — « isl page Oriapi-er^' eriu iirie 

not include higher order diffraction contributions. The agreement be- 
t ween our result and the exactivsoluttonv-iisifar s u pe.tii.oti. A s_o n e 
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would expect ffie 12 sided model gives better agreement, particularly 

in the region near 30° since it better fits the disk. ^ 


The deviations between ifchei two.aSio.Tutiionseare obviously due to the 
finite curvature of the disk, accordingly as the number of edges is 
increased, better agreement is obtained. In Figures 104-109, we show 
the results for different disk sizes. As the size is increased, the 
12 sided model gives better results than the 8 sided one. Again, our 
solution includes single, double and triple edge diffraction mechanisms 
and the EC method is used to compute their contributions to the E-plane 
RCS pattern. In Figures 110, 111, we show our result computed using 
the 12 sided disk model-^com^ajed^tgigtheg^^^^^ provided by Mr. Chu [4 
He used the EC method to compute the contribution of first order diffrai 
tionto the E-plane RCS pattern by integrating numerically over the disk 
rim. The deviation between his results and the exact solution is due 
to the fact that his solution does not include any higher order inter- 


isj computed the contribution of 


actions. However, Burnside, et. al., 

double diffraction terms to the axial RCs" of a finite cone using the 
EC method. A similar approach could be used to compute the contributio 
of the doubly and triply diffracted rays across the disk which is the 
limiting case of a finite cone. Note that when using this approach, 
one has to consider the line caustic located on the axis of symmetry. 
This introduces a phase shift of + | radians as the multiply diffracted 
rays cross the disk. The use of a multi-sided plate to model the disk 
circumvents the caustic problem. By using the approach shown in ^isj , 
one can compute the RCS of disks which have radii as small as 0.3\. 

By using our method, the number of edges that can be used to model the 
disk is limited by the edge electrical length which should be of the 
order of a /wa^ve lengthy Accordingly, one can handle disk sizes such 
that 
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n is the total number of edges used to model the disk. 


E. SUMMARY- OF ErRL-ANE. BACKSCAnERvANALYSIS 

In this chapter we analyzed the E-plane patterns where the Electric 
field vector is oriented parallel to the plane of incidence. 

THESIS/ DISSERTATION 

The techniques usedyt:Or(^bt;aiiindthe^broadside RCS in the H-plane 
case were also used to compute the broadside RCS in the E-plane analysis. 

The E-plane analysis is a more complex problem than the H-plane 
case since the RCS is dominated by diffractions from the back edge of 
the plate. Therefore, multiple edge diffractions had to be included 
in the solution. Together with first order diffractions, the effect 
of second and third order edge diffractions were considered. The EC 
method was used to compute the contribution to the E-plane RCS pattern 
of these higher order interactions. These mechanisms gave a significant 
contribution near the edge on region. It was found that there is an 
inherent error associated with these higher order interactions due 
to the shadowing effect between the plate edges. This error could be 
circumvented by including the corner diffracted fields in the EC 
formulation. 

These edge diffraction mechanisms were also used to compute the 
E-plane pattern for a general shape plate. The curved edges of this 
plate have been modeled by straight line segments. Deviation from 
measured results in thgtregtioji »45|^jftiepm g,dg,e ^pnewere observed since 
edge wave multiple corner- d-i-ff pact ions-haV.efc n.otgbeenh.iipcTudedncinithe 
analysis primarily because the edge wave diffraction coefficient is 
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not adequate to treat these interaltions. The E-plane RCS pattern f-or- 
a disk is also analyzed by using the EC corresponding to first, second 
and third order edge diffractions and adequate results were obtained. 

It was found that i ncr e asi ng'^tffe dumber Haf^e'd ^es used to model the disk 
does improve the results, however, the number of edges is limited by 
the electrical length of an edge which should be of an order of a wave- 
length. One should point out that the disk problem could be analyzed 
using the approach shown in j^isj which will allow one to analyze disk 
sizes smaller than that allowed by the straight line segment approach. 

In the following-p^^^ers^i ttesC9QL%in4eT¥G.dj''scuss the effect of 
these higher order edgerdififitacfeioniemechan^^^^^ together with that of 
the edge wave multiple corner diffraction. These mechanisms become 
dominant particularly for non-principle plane patterns. 
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BACKSCATTERING FROM RECTANGULAR PLATES USING HIGHER 
ORDER INTERACTIONS INCLUDING E-PLANE AND NON-PRINCIPAL 

PLANE PATTERNS 
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A. INTRODUCTION 

THESIS/ DISSERTATION 

In this chapter ourTd'i;scuss:i;onc;of ith&ceffect of higher order inter- 
actions on RCS pattern computations is continued. The geometry used 
in the analysis is a perfectly conducting rectangular plate. The E-plane 
RCS pattern and conical pattern planes for 0= 30°, 45°, and 60° are ■ 
analyzed. The single, double and triple edge diffraction mechanisms 
discussed in Chapter V are included. 

In addition, another type of interaction now to be considered is 
the edge wave mechanism which is a degenerate form of the Corner dif- 
fraction mechanism. The goal of this chapter is to introduce and use 
these multiple diffraction mechanisms as needed. Again the incident 
field is a homogeneous plane wave and its electric field is given by 
Equation (76). 

B. E-PLANE CASE 

In Chapter III, where the Echo Width of a strip was analyzed, it 
was noted that the multiply diffracted fields between the strip edges 
were the ones that create the difference between the E and H-plane pat- 
terns. In a similar way^tthesjef analysis 
of E-plane patterns fori- a-rectanguTar^pl-atesTlp)£Fd£gureiclfl2;",r the 'vLir 1 
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Figure 112. Rectangular plate geometry. 
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geometry of a rectangular plate is illustrated. The plate is in the'x-Z; 
plane. The E-plane pattern is taken in the x-y plane, i.e., 0=90° plane. 

Only magnetic Equivalent currents corresponding to the first, second and 

2 inch Chapter l_ini‘ 

third order edge diffracted-fieTds-were-used-; — They proved to be suf- 
ficient to produce satisfactory results for practical applications; how- 
ever, fourth order diffraction terms or even higher may be needed when 
dealing with small plate sizes. 

- -- ■ ' f ' 

The results obtained using' the Equivalent Current(EC) method for 

the E-rplane RCS pattern {E^yill'-pSI'afi’zatib^y'f or three different square 
flat plate sizes are shown in Figures 113-115. The results are com- 
pared to measurements and to results obtained by Ross [2sj . Ross also , 
used a normalization scheme to reduce the strip scattering solution to 
one applicable to the finite sized plates. This is not needed when the • 
equivalent currents are introduced. His results are good everywhere ex- 
cept near grazing incidence. This error is caused by the use of the plane 
wave diffraction coefficients for the higher order interactions and was 
eliminated in our solution when the proper diffraction coefficients are 
used as shown by the good agreement with the measured results. An inte- 
gration step of O.lx was used in evaluating the radiation integrals for 
the double and triple diffraction field components. The contribution of 
the double diffraction mechanism to the E-plane RCS pattern for the 3 dif- 
ferent sized plates is shown in Figure 116. This field component contri-; 
butes to the RCS throughout the pattern. Its magnitude increases grad- : 

ually as one approaches edge on incidence. An increase of approximately 
2 

0.5X in the plate area results in an increase of approximately 2 dB 
in RCS due to this component of the field at edge on incidence. Fig- , 
'ure 117 shows the contribution of the triple diffraction mechanism for 
the same 3 plates. Thi's^'f iieTd^componefif' fs^'6nr/'*heeded for incidence ! 
angles up to 40 from edge on. A similar increase of approximately 
j 2 dB in RCS at edge on incidence is noticed when the area of the plate 
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(Figure 116. Ep^, contribution of double edge diffraction to 0 = 90 RCS 
i pattern (x = 1.28 inch). 
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'Figure 117. Ep^, contribution of- triple-edge^ diffr'aotHbn’tto' 0^^i='J9O°'"RCS 
f pattern (X = 1.28 inch). 
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is increased by approximately 0.5X'^.' Because of the symmetry of thOi- 
geometry, the contribution of the single diffracted fields is similar 
to the H-plane patterns shown in Figures 33-35. 

I ' 2 inch Chapter l_inf' 

!c. OFF PRINCIPAL PLANE CASES 


In this section the RCS pattern when e?^90° is analyzed. This coni- 
jcal pattern is a function of the azimuth angle r (PH) when 0 = 0 ^ is held 
'constant. The incident field is polarized in the 0 -direction. Figure 

*118 defines the geometry used in our analysis. The symbol (PH) is used 

! 

i hereafter for this par.^^^j^(^ aN^old^co^fiUsJ^^^ with the parameter (|) 
'of Figure 1 used in edgerd-ififiyiGt Ions' Paper 


1. Analysis 


i The solution to this case is a complex one. The value of the RCS ; 

I 

l^s lower by an order of magnitude and thus one has to consider many pos- 
n ' 

Jsible interactions that involve edges and corners of the plate. Some ' 

!of these are, double and triple edge diffractions, edge to corner dif- | 

ifraction, multiple corner to corner diffractions and the newly developed! 

!edge wave . These higher order interactions were found to contribute ' 

! significantly to the RCS pattern. As one moves further away from the 

-I 

^principal plane, more interactions must be included to give satisfactory 

i 

jresults. The edge wave mechanism contribution becomes very significant \ 

« i 

ijWhen the RCS pattern is taken in the plane of the plate, i.e., x-z plane; 
Furthermore, one has to consider the effect of each individual edge of 
|the plate since different edges contribute different terms and these 
■terms are now significant for one pattern and insignificant in another. 
This will be discussed in more detail later. The incident field can 
be written in the edge coordinate system as: 
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field components defined in the; 


p edge coordinate system. The subscripts and indicate 
the (^' y 3' field component;? lQiRtedgesi^,‘;eand_(|),'^,p^, 3"^p^ are the corres- 
ponding (\)' and 3 ' unit vectors. 

Consider edge #1 shown in Figure The incident field on this 

edge can be written as: 
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When PH is equal to ^q^a^il^^^'t^^^'uces to: 
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and 


=0 and (81) 

♦ ( 1 , 


respectively. 


and 


V, V - ° » 
^ ( 1 ) 


(82) 


From Equations (81, 82), there must be a transition region in 
space where both Q' and exists. 

The component will be responsible for the following inter- 
actions: 

1. Single, double and triple edge diffraction fields. The 
EC method is used to compute their contributions. 

2. Edge wave fields that involve double and triple corner dif- 
fractions on the same edge. 

3. Cross polarized edge wave fields, i.e., (() to 3 field polari- 
zation conversion. This also requires double and triple 

1st page Chapter end line 

corner diffractions on the same edge. , . 
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There is a distinct possibility that multiple corner, and corn^ 


to edge contributions can contribute for rays that tend to propagate 


around the perimeter of the plate. Unfortunately the current diffrac- 
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tion coefficient is not— adequate-for-evaTuat-ing these terms. 
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j The 3" component will contribute to the RCS through single order 
i edge diffraction and edge wave fields interactions similar to those 
j| discussed above in 2 and 3. Edge #3 will give similar interactions 
i; to the ones discussed above. 


For edges #2 andT4JEfheC|nch*'derftEf fil^^'^s'^pblarized only in the 3^ 
direction throughout^th^^n^at^ernf i*?e.^,^'" 


pi -pi O'* 

^(2) - V(2) (2) 

and e!> = 0 

(2) 

, and 

(83) 

■pi - pi O'* 

44) “ V(4) (4) 

and e!^ = 0 

♦ (4) 

» 

(84) 

respectively. 







! 


Accordingly edges 2 and 4 will contribute to RCS pattern only 
through single edge diffractions and edge wave fields similar to those 
discussed above in 2 and 3. 


In Figure ;1 19, some of_the diffiy;ent edge diffract mechanisms as 
.sociated with" the -wntri button of edges 1 and 3 to. the radar cross- sec- 
tion are 411 ust^^^^ In evaluating the fields due to the double and 
triple diffraction mechanisms, all possible combinations of edge dif- 
fraction between any two or any three edges are considered. The eval- 
uation of these fields follow the same procedure used above in part 
1. Figure 126 shows tW e?lg?^w^^^§eclTanfsm Vn4er act ions. They involve| 
double and triple corner diffractions on the same edge. Of course 
there are similar interactions on the other two edges of the plate. 
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Figure 119. Edge diffraction-mechanisms coHtributi’n^'toPtlie' RGS'^dlife''f' 
,1 to"edges #1 and 3. 
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Figure 120. Edge wave-^mechanisms'-contribut'ihg^to"'tfie’''RC-S?^ ^ 
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-i:>|Again observe that we do not show any diffraction mechanism that encii.r=_ 
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cles the plate in a manner similar to creeping waves. 


a. Edge Wave Double 'Corner' LntiracCidn^' Mechanisms j 

' This mechanism is shown in Figure 121 where only the interaction 
due to edge #1 is illustrated. The same analysis holds for the other 

j edges. Because of the cross polarization effect associated with the edge 

ii 

;wave mechanism (see Appendix C), one has to consider the different pos- 
sible combinations of incidence and diffracted fields, i.e., q'q, 3 ^ 4 ), 
(b' 8 > (b'cb where the first .letter, i.ndicates-rthe-,pOrlarization of the inci- 

T P T I / UlSr:)L-r< I /A i I'wN 

dent field and the secondy^heKPO:ljarjtzat-i^^^^^ the diffracted field. 

The general form for the edge wave field is 
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(85) 


jjwhere s is the distance from the source to the corner, s is the distance 

[J C 

'from the corner to the receiver. The edge wave diffraction coefficient : 
;|is given by 

i fewl , ' 
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where- L = 


ss. 


s+s. 
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(\)' are def'in^niFF’igure~iy and 8^. is defined as in Figure '122- A_ 

detailed discussion of the edge wave mechanism and the derivation of 
Equation (85) is shown in Appendix C. Note that there are some limita- | 
tions to the use of Equation i (-.85-) (SiliiGeethiis.iequation was derived from j 
the imperically derived corner diffraction coefficient, it is valid only 
for the two diffraction mechanisms shown in Figure<l22;t 


Let us consider first the case when both the incidence and dif- 
fracted fields are polarized in the 8 direction, i.e., (8"'8 case). 

The field diffracted from corner #2 (Co) along the edge and evalu- 

.THESIS/ DISSER I-AtION ^ 

ated at corner #1 (C.) is. given by. . 

' 1 ' I yping u>-Oidc Paper 

E(l) = ^ (87) 


This incident field on appears to be .coming from an image source 
located at point 0 shown in Figure ;123. This source is created by the 
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diffraction process due to edge #4. | Due to this effect, the incident” 
jfield on given by Equation (87) is modified by this reflection co- 
efficient, i.e.. Equation (87) is modified as follows: 
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i' V2^ 


The diffracted field to hthesf^ceive^^i^mTG^’R’s'^then given by 
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substituting Equation ( 88 ) into (90) one gets 
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There is another term due to diffraction from to 82 * th^ two terms 

.are equal -and both are gi ven. l^,Equ.ation..(9^^^ So the, total diffracted 

field for the 6 "’B interaction: is given by rT'l ^'V : 




-jk£* e 


-jks 


1 


(92) 


>1 

■‘•1st page Chapter end line 
— — 1st page Chapter end line 





1 inch 


ir 


l inch 

> 


jab/80 



Cf'P tr r Guide 


Uo in< 

<--= 


j 1 inch 

V 


F-’ago # 



1st page Ghapton end line 


iiFigure 124. Edge wave triple “Corner diffract'iorf^Qt' Chap line 
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Note that for backscatter <{)2=(l)p also the cross polarization componehts7 
i.e., 3^<J) and (j>^3 are equivalent. Following the same procedure, the 

fields due to 3^<|) and <{)'3 combined together are given by 
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THESIS/ DISSERTATION 
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Figure 1^4; illustrates the triple edge wave diffracted fields from 
and C2 on edge #1. Similar terms exist for each of the remaining 
edges. 


Consider the field diffracted from C*^. In this case the double 
diffracted field from is incident on C^. Since the edge wave for- 
mulation as developed here is valid when either the source or the receiver 
is in the far field region, we assume that the source of the incident 
field on is in the far field. Therefore the value of double dif- 
fracted field evaluated at C2 is 
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•If one now considers the. interaction, then the diffracted'fierd , from 


to the receiver is given by 
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[where the negative sign is due to the fact that the edge wave field is 
polarized in the opposite direction to that of the 3 polarization. 

Substituting Equation (95) into (96) , ,bn^ obtains 

Eg = -eI. 
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There are two possible combinations of 3 polarized triple diffraction 
terms. These are due to the double diffraction terms discussed earlier, 
namely 3^3 and These two possible combinations are 3"<|)'’6 and 

3"’3"’6* Therefore, the total 3 polarized triple diffracted edge wave 
field from is given by 
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The cross polarized triple diffracted term can be;wrTtteri in a simi- 
lar way 
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D. DISCUSSION 


The above analysis is used to compute the RCS pattern for a 2\ x 2x, 
plate. The incident field is polarized in the 9-direction. The geometry 
used is shown in Figure 118. The notation Ep^ is used to indicate the | 

ibackscattered field PH component defined with respect to the standard | 

t 

spherical coordinate system. j 


Figure 126 shows the E-plane RCS pattern. The results are compared 


ilwith Moment Method (MM) solution provided by Dr. Newman . Only single, 

i double and triple edge diffraction mechanisms were used to compute the I 
( ! 
‘pattern by the EC method. The two results are in excellent general agree- 


ment throughout the pattern, however, they deviate slightly in the region 
0°<PH<40°. The cause for this deviation is the edge wave field which 
was not included in the solution. If the edge wave field is included 
for just one point at PH=30°, as shown in '-Figure 126, then the value 
of the RCS agrees well with the MM solution. 
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Figure 126. Ep^, 6= 90° •RCS-pat-tern-for a^-2x pI'atse'fptTsiWg'^fVr’s^, 
second and third order Equivalent currents. 
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Let us now proceed to discuss the case when the plane wave is inci- 
dent at an angle 0=60°. Figure 127 shows the individual edge diffrac- 
tion contributions. Figure 127-d shows the sum of the single, double 
and triple edge diffraction terms. These field components contribute 
significantly in the main and first lobe region while the edge wave mech- 
anism dominates the rest of the pattern. Again the EC method was used 
to compute the results shown in Figure 127. Table 2 shows the different 
single, double and triple edge diffraction mechanisms that were included 
in our solution for 0=60° case. 
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TABLE 2 

SINGLE, DOUBLE AND TRIPLE EDGE DIFFRACTED RAYS US^ IN j 

RCS COMPUTATION FOR 2X SQUARE PLATE AND 0 = 60° j 

Single 

Double 

Triple | 

1 Edge # 

Edge #-Edge # 

Edge #-Edge #-Edge § 

\ 

) 

1 

1-3 , 1-4 

1 

1-3-1, 1-3-2, 1-3-4 

2 

2-3 , 2-4 

1-4-3, 1-4-2 j 

i 3 

3-4 , 3-1 

2-3-4, 2-3-1 1 

4 

4-2 , 4-3 

2-4-2, 2-4-3 


t 

3-4-1, 3-4-2 

1 


3-1-3, 3-1-4, 3-1-2 

; 


4-2-3, 4-3-2, 4-3-1 
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Figure 127. Ep^, individual contributions of edge diffraction mechan- 
isms to 0 = 60° RCS„.pat^rn, for a 2X x 2 X plate. 
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Figure 128r shows the individual contributions of the edge wave double 
diffraction mechanism, i.e., and (^'(}> "components. Notice 

that the 6^<|) and <|)^3 components are equal. Their contribution is in ; 

2 inch Chapter Line 

the transition region as-one-expect-s-: — F-igure-129 shows comparable field' 
components for the edge wave triple diffraction mechanism. . In both 
Figures 128 and 129 orie”7iotices that the 3^3 .field .component contribute i 
significantly in the edge on region while the 3"’(j), (|)^3 and combine 
to contribute to the rest of the pattern. The total contribution of 
the edge wave mechanism (double and triple diffraction) is shown in 
Figure ISOwhere the importance of the edge wave mechanism is clearly ' 
seen. It dominates th¥l-pS^Ctern^ uj?ifb'560°’iffo^^ on, where the edge 
diffraction takes over. s'^slioiS's *t^e^cTifferent double and triple 

corner diffractions used to compute the edge wave contribution. 


TABLE 3 

DOUBLE AND TRIPLE CORNER DIFFRACTIONS INCLUDED IN 
EDGE WAVE SOLUTION FOR 8=60° CASE 


Double 

Corner #-Corner ( 4 ) 

Triple 

Corner #-Corner #-Corner # 

1-2 , 2-1 

1-2-1 , 2-1-2 

2-3 , 3-2 

2-3-2 , 3-2-3 

3-4 , 4-3 

3-4-3 , 4-3-3 

' 4-1 , 1-4 

1-4-1 , 4-1-4 
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(C) c^'yQ COMPONENT 
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(d) 4><f) COMPONENT 
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Figure 128. Eg, individual contributj,oiTS oltedge^eWay,e,£dpuJ)ie^^^^^^ 

|i diffraction mechanism to 0 = 60 ° RCS pattern for a 

|| 2 .X-x_ 2 X-piate. 
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Figure 129. Eg, individual contributions of edge wave triple corner 
diffractiohsmechanismrto- 0 .;:= 6 oS RCSrpattern for a 
2X X 2X plateT" Isl pane CJhapter enr] lino 
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Figure 130. Eg, sum of''all edge wave mechanisms contributing to 9 
RCS pattern for a 2x x 2X plate. 
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Figure 131. Eq, 0 = 60° RCS pattern for a 2X x 2\ plate. 


11 A 


JAR/eO 


I inch 



ConLcr Guide 


^1Tie~f ’iFal“»^TiJlT"as~lRo^^^ p'OT^^btai ned by combining the ^ 

patterns of Figures 127 and 130. This result is compared to MM solution 
with the agreement being quite good. However, the two solutions deviate 
(in two regions. The first ^*str1f)h80:[<BH^9p° iwh the deviation in this 
region becomes clear if we examine the point PH=90° in Figure 131 which 
corresponds to the point PH=60° in Figure 126 and noting the field is 
a null. In such a situation the phasing between the single, double and 
Ijtriple edge diffraction which determines the field value at this point 
becomes very critical when computing the fields numerically. The second 

region is 30°<PH<50°, where other types of interactions involving the 

j 

edge wave mechanism should be included and a more accurate edge wave 

THESIS / DISSERTATION 

diffraction coefficient should be.. developed. It is obvious that the 

j I yping u^uiac t-'aper 

two types of edge wave interaction discussed here are the dominant ones 
jfor the case 9=60°. However, the need for a more accurate diffraction 
coefficient as is discussed in Appendix C and the inclusion of other 
jtypes of interactions becomes more clear as one moves further away from 
[the principal plane. 


In Figures 132-134, the effect of using the corner diffraction method 
jis shown instead of the EC method for evaluating the first order diffrac-| 
tion fields. By comparing Figure 131 and Figure 134, one notices a slight 
^provement for 30°<PH<60°. As indicated in Chapter IV, corner diffrac- 
ition will give more accurate results as one moves off the principal plane. 


The higher order interactions are one of the primary sources that 
^contribute to the cross polarized field component (Egp^). It is not 

our purpose here to present a study on cross polarization sources in 

j 

scattering problems but rather to point out that a thorough investiga- 
tion of this problem should include a complete study of all possible 
ligher order interactions. 

1st page Chapter end line 

Figures 135 and 136 show the contributions of edge,diffraction;_^ 
(single, double and triple) and the edge wave mechanism to the cross 
po larized field component ( Eq p ||) . ., bothvmechani sms__co.ntiii.but e ^ — 
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Figure 134, 


<oQ. 30. 60. 20. 

PH 

Eq, 0 = 60° RCS pattern for a 2X x 2X plate. Corner diffrac- 
tion is used instead of EC single diffraction component. I 



7 O. 30. 60. 90. 

. _ PH 

Figure 135. E^pj^ edge .d-if-fracti-on .contr-i.buti;onptoj(crP'ssMpo5>ar<ize'd IROS 
pattern -for 9 = 60° case. 
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Eqpi^, edge wave contribution to cross polarized RCS pattern 
for 9 = 60° case. 
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E0 ph> 0 = 60 cross-polarized RCS pattern for a 2X x 2X plate 
All edge diffraction.iand/red q euwave me chanism. 'cont>ii.but.i.ons-- 
are included. 
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I 

TigTri'fi^Ftiy to the cross polariz^”Rl[^^through out the pattern. The 


combined effect of both mechanisms ts shown in Figure 137. Notice the 
(high level of this field component compared to the principal polarization 
[field component shown in Figur,e_;rl34:hapter i-inr- 


' As was stated before, one would expect that more higher order in- 
teraction mechanisms involving edge waves become more significant and 
[have to be included in the solution. As different pattern cuts are 
^considered, edge waves on different edges contribute to the RCS by dif- 
jferent interactions depending on how strongly it was excited. For in- 
Istance, consider tire 9=60° pattern. Here the edge waves on edges #1 and 

THESrS/ DISSERTATION 

3 are more strongly excited .than„those ,on edges #2 and 4. However, the 
^situation is reversed for the 6=30° pattern and are equally excited when 
|e=45°. While the two edge wave mechanisms considered here namely the 
(double and triple diffraction were sufficient to give satisfactory re- j 
suits for 0=60° pattern cut, they do not appear to be completely adequate 
for the 0=45° and 0=30° patterns. Figures 138 and 139 show the RCS pat- > 
|tern for 0=45° and 30° respectively. The calculated results are compared 
ito MM solutions, both results do not show as good agreement especially i 
iin the region 20°<PH<70°. This is not too surprising since much effort j 
was devoted to finding the appropriate mechanisms for the 9=60° pattern, , 

No 

! comparable study was performed to improve these latter patterns. Further- 
Jmore, the diffraction coefficients used herein are approximate and can I 

i { 

be improved substantially. In Figures 140 and 141, the total RCS pat- ; 
tern is shown for 9=45° and 30° respectively but using Corner diffraction 

^ I 

(method to compute the contribution of first order diffraction. A slight! 

-' improvement is noted neaF.PH = 36 ° for 9 = 30° case. However, the . . J 

jdeviation between our result and MM solution is still substantial in 

[the region 20°<PH<60° which indicates that a higher order inter- 

factions are needed to correct for this deviation between the two 
j 1st page Ghaptcr end line 

'solutions. Some of the different edge wave, interactions^that^are stijl 

'under investigation are shown in Figure 142. 


land then these were used to obtain the 0=45° and 0=30° patterns. 
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^Figure 140. Eq, e= 45““RCS patt'e‘rn“fo'r a Zjf’x ate^Ss*ingS^^^^ 
diffraction method instead of EC single edge diffrac- 
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The individual contributions of edge 


diffraction and edge wave 


mechanisms are illustrated in Figures 143-145; whereas, in Figures 146 
land 147 the total contribution of edge diffraction (single, double and 


triple) and that of edge wav4^(-dbu'6T^ra'h'^d^ tripTe) diffraction mechanismsl ■ ■ 


Jto 9=45 RCS pattern are shown. Note that the edge wave fields contribute 

!'to the RCS throughout the pattern. In Figures 148-152 similar results 
^o 


;;are shown for 6=30 RCS pattern. Note that for this case the and 
are negligible since the pattern is dominated by the edge waves on edges 
#2 and 4 where the incident field is polarized in the 8 direction with 
jrespect to these two edges. Edges 1 and 3 contribute slightly through 
ithe 4)"’ 4) component. The.^^f^ere^nt,^edgepd^f/;^aGj^^ and corner to corner 


diffraction terms used to-^Gompute.uthe' edge>cdiffraction and Edge wave con- 
jtributions for 0=45° and 9=30° are similar to those used for 0=60° case 




and are shown in Tables 2 and 3 above. 


Finally a word should be said on the contribution of the edge wave , 
fields to the E-plane pattern. If one examines Figure 139 specifically 


lat PH=90°, he notices the good agreement between the two solutions. How-j 


Sever if one examines Figure 126 at PH=30 which corresponds to the same 

,0 


observation point as PH=90 in Figure 139, he notices the difference 
between the MM solution and our solution which does not include the 


edge wave fields. As was noted before, the RCS value at PH=90° in Fig- 


Sure 139 is also plotted in Figure 126 at PH=30^. This leads one to 


Iconclude that it is the edge wave field that makes the difference between 


the two solutions in Figure 126 in the region 0 <PH<40‘^ 


I In evaluating the double and triple edge diffraction fields for 

i 

these different patterns, it was found that the integrals converge slow- 
ly and an integration step of O.OlX was needed to get a convergent 
solution. 
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Figure 143. E^, indivldual-contabutxons^oiisedgeicd.if^raGfeton mecharidsms 
to 0 = 45° RCS pattern for a 2X x 2X plate. 
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Figure 144. Eg, individual contributions of edge wave double corner 

diffraction mechanism to 0 = 45° RCs pattern for a 
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2 \ X 2 \ plate. 
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'Figure 146. Eg, sum of edge diffraction mechanisms (single, double and 
■ triple) coP^^ngJ:o| line 
; 2x X 2x plate. 



Figure 147. Eg, sum of_edge .wave-mechan.i.sms-GOtiitnj:buting3'tor0c=ic45'9nc 
RCS pattern for a 2x x 2x plate. 
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Figure 149. E , individual contributions of edge wave double corner dif 
Q 0 

fraction mechanism to e = 30 RCS pattern for a 2K x 2K 
plate. 
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fjigure 150. E^, indivi^aJ_contribjrtion^of^^ed^^^^^ cp,rnei;'^dif- 

fr act ion mechanism to ’9 = 30° RCS pattern ’for a 2X x 2X 
plate. — 
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“SUMMARY OF E-PIANE AND NON-PRINCIPAL PLANE PATTERNS FOR A 
RECTANGULAR PLATE * 


In this chapter the id is.6us,s to, naojethe. effect of higher order intpr -^ ^ 
actions on RCS was continued'. The analysis focuses on treating the E- 
plane and non-principal plane RCS patterns for a rectangular plate. 

For the E-plane patterns of a 2x square plate, the single, double 
and triple edge diffraction terms were included in the solution, and 
the EC method was used to compute their contributions. As was noted 
in Chapter V, the double and triple edge diffraction terms become siq- 

r. 4- u . TH ES IS / D IS S E PT AT I ON ^ 

mf leant near the ®dge .pnpre^ic^^^^goweve^,, the edge wave contribution 
is needed to obtain good agreement with results obtained using the 
Moment Method. For a 3x square plate or larger, the single, double 
and triple edge diffraction terms are sufficient to obtain good agree- 
ment with measured results. 

For a non-principal plane case, where the incidence electric field 
vector is oriented in the 0-direction, the single and multiple edge 
diffraction terms and the interactions associated with the edge wave 
mechanism were found to be domin^ant term in the region outside the 
main beam. Two types of edge wave interactions were considered in our 
analysis — the double and triple corner diffractions. They proved 
to be sufficient for e=60° case while for 0=45° and 30°, they do not 
appear to be completely adequate. The solution could be further improved 
if a more accurate corner diffraction coefficient is developed which 
will permit the addition of more edge wave interactions, such as the 
ones shown in Figure 142, to be included in the solution. 

These higher order interactions were found to be one of the primar) 
sources of cross polarized field components which is of a comparable 
level compared to tha^of^the HiiLci>LPqkri,z^at^on^^^^ 
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The techniques used herein tolcompute the contributions of single" 
and multiple edge diffractions and that of the edge wave mechanisms 
are also used to compute the RCS pattern of a triangular plate. This 
IS the subject of the nex-t-ehapt-er7 — 
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H AND E-PLANE BACKSCATTERING FROM A TRIANGULAR PLATE 
A. INTRODUCTION 

In this chapter, _we^^a^y 26 jJ:he^bac^^^ in the principal 

planes of triangular pi at^es;.pgTliejiij[)cen-t4^^^^ this part of the study 
is the previous lack of theoretical values that agree with measured 
results ^3^ , |^43] for an incident y polarized wave (see Figure 153). 

Our original solution at tip on incidence agreed reasonably well with 
the measured data as shall be seen later. However, when the angle 0 i 
increased from zero (in the x-z plane) for the H-plane case,' the results' 
deteriorated significantly for small and a= 30°, also, when 0 is ; 
close to 180 for the E-plane case, the results were not in good agree- ' 
ment with the measured data. Since this topic was essentially suggested] 
as a final step in this dissertation by a curious advisor, it has not > 

been carried to completion (with his consent). It remains as a sign 
post to show that there is still significant research to be considered 
on this topic in the future. 1 

Here again, the Equivalent Current method and the Edge Wave formu- 
lation are also used in our analysis. The plate geometry is defined 
in Figure 153, the plate is located in the y-z plane, and the pattern 
is taken in the x-z plane. The incident field is a linearly polarized 
homogeneous plane wave whose field is given by 

1st page Chapter end line 
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= y Ey e 


= y Hy e 


jkg 

jkg 


for H-plane c'ase and, 


for E-plane case. 
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(104) 


where g = x sin0^ + z cos6\ 

The ray mechanisms to be used to compute the E-plane and the H-plane 
patterns are discussed. At this time either the set of rays or the 
Corner diffraction coefficients are not quite complete. As we shall 
see, something is amiss for small values of 0 other than 0=0 in the 
H-plane. The H-plane results are presented first primarily because 

.. . . DISSERTATION 

this represents a region where more work is necessary. The E-plane 

Typing Guide Maper 

results, while not complete, are such that straight forward applications 
of existing techniques should eliminate deviations from measured data. 


B. ANALYSIS 

The E-plane pattern for the triangular plate is analyzed, using 
the EC method technique discussed in Chapters IV and V, to compute the 
contributions of single, double and triple edge diffraction to the RCS 
pattern. Here again, the shadowing effect associated with multiple 
edge diffraction mechanisms is also present in this problem and is 
handled by the same technique discussed in Appendix A. The equivalent 
current corresponding to the first order edge diffraction is given by 
Equation (60) and that corresponding to the second and third order 
edge diffractions are respectively given by Equations (77, 78). Figure 
154 shows the single, double and triple edge diffraction ray mechanisms 
associated with the triangular plate. Table 4 lists the different edge 
diffractions that have been included in our solution for E-plane RCS 
pattern. Note that the doubly diffracted rays 1-3 and 3-1, also 

the triple diffracted ray 1-3-1, 1-3-2, 3-1-2 and 3-1- 3, 

1st page Chaoter end line 

were not included'. Their contributions were, found to. be,^.insTgnifii,cant. 
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(a) SINGLE EDGE DIFFRACTION 
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(b) DOUBLE EDGE DIFFRACTION j 



(C) TRIPLE EDGE DIFFRACTION 
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Fjigure 154. Edge diffrartio'nTnecfrani'snBTor^tri'^ngula^'^pfate 
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TABLE:^4 . V y , .! 

SINGLE, DOUBLE AND TRIPLE EDGE DIFFRACTION TERMS INCLUDED 
IN E-PLANE RCS PATTERN ANALYSIS FOR TRIANGULAR PLATE PROBLEMS 



THESIS/ DISSERT/ 

TION 


SINGLE , 

Tv?Ry&f-feuide Pape 

TRIPLE 

Edge^# 

Edge #-to-Edge # 

Edge #-to-Edge #-to-Edge f 

s 

1 

1-2 

1-2-1 

! 


2 - 1 

1-2-3 


2 

2 - 3 

2-3-1 

\ 

4 ■ 


3 - 2 

2 - 1 - 3 ■ 

3 


3 - 2 - 3 



3-2 - 1 

1 . 


‘j The H-p.lane RCS pattern is alsib studied by computing the contri- i 
; butions of edge diffraction using the EC method and the edge wave mech-' 

' anism. In this case, namely H-plane pattern, only the first and third 

2 inch Chapter Li nr' 

; order edge diffraction are-ine-luded-in-t-he-soTution. The second order 
I edge diffraction terms were not included in our solution because of 
|i the symmetry of the problem, where, the doubly diffracted rays between 
edge 1 and 2 are canceled by those rays diffracted between edge 3 and 
i 2, while the rays diffracted between edge 1 and 3 had insignificant 
contribution. The steps involved in this analysis are given in the 
( following section. Table 5 lists the different edge diffractions that 

i have been included inT0ue5so^lut'ib¥-fot^H’^-^f^e^^^ pattern. 
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The incident field on edges 1 and 3 can be written in terms of 
the edge coordinate system component as 
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TABbEt 5^ 

SINGLE AND TRIEtE-EDGE^DIFFRACTION- TERMS ..INCLUDED IN H-PLANE RCS 


PATTERN ANALYSIS FOR TRIANGULAR PLATE PROBLEMS 


SINGLE 
Edge # 


Edge # 


TRIPLE 
Edge # 


Edge # 


^(1) = \l) ^ ^(1) 


(105) 


^(3) **’(?)HES33/?wteiERTATION 


(106) 
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where (j>', 3' are the unit vectors in the edge fixed coordinate frame. 


When 0 = 0° or 90°, Equation (105) reduces to 




( 107 ) 
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(108) 


'[•Equation (106) gives similar results for 0=0° and 90°. The (j) component 
of the incident field associated with edges 1 and 3 is the one that 
gives rise to all higher order edge interactions involving the plate 
edges which will contribute to both the principal polarization and the 

cross polarization RCS patterns. 
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The edge wave mechanisms, namely double and triple corner diffrac- 
tions discussed in Chapter VI, are also included in our solution. 

1. Edge Wave Double Corner Iriter act ion Mechanism 

This mechanism is shown in Figure 155, where the field diffracted 
from Cj^ is then diffracted from corners C^ and C^ on edges 1 and 3, 
respectively. Note that the edge wave field associated with edge 1 
and propagating on the surface of the plate is oppositely polarized 
to that associated with edge 3. Figure 156 shows the effect of edge 
2 on the edge wave field incident on C^. The field diffracted from 
edge 2 will appear to be coming from an image like source located at 
O'. This affects the incident field on C^ by introducing a reflection 
coefficient to account for the energy reflected by edge 2. 

In Figure 157, the double corner diffraction case is shown for 

the interaction between corners and C 2 . Again, one has to consider 

the different combinations of incident and diffracted fields, i.e., 

3'6» 4>'3> and <|)'(j), where the first letter indicates the polariza- 

. . 1st page Chapter end line 

tion of the incident field and the second the polarization of the, dif- 

fracted field. 
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Let us consider first the case when both the incident and diff^tj- 

jied fields are polarized in the $ direction, i.e., (e'e case). The inci^ 

dent field on Co is given by 
1 ^ 

I 

ii 2 inch Chapter Line 




rM 


( 1 ) 


/I ’ 


(109) 


(where R is the reflection coefficient due to edge 2 and is given by 
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.n 

■JTf 


rnmmmmm 

yj 2TTk sin 


'Because of the limitation of the edge wave formulation as is discussed 
jin Appendix C, one had to assume that the field incident on ; is inci- 
|dent along the extention of edge 1 rather than at an angle a as is dictall 
ed by the reflection process due to edge 2. This is shown in Figure 158. 


The diffracted field from C 2 to the radar is. then given by 


B,,, = E(2) Ofe”’ 6 i)VT 


-jks. 


’( 1 ) 


(110) 
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Substituting Equation (109). lntp_(110).,_we ]get 
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( 112 ) 


IjNote that for backscatter <l>j^ = <1)2 and the cross-polarization components, 
d'.e., 3 '(j) and 4)'3, are equivalent. Following the same procedure, the 
'fields due to the 3 '<() and <()'3 combined together are given by 
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( 113 ) 


land that for the <()'( 1 ) component is given by 


^‘^(1) ~ ^^‘^'(1) 0, <1)2, B2) 
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[Note that there are similar terms due to interactions between corners C2 f 

|a nd C q . In the -^principal plane tand be.G.ausejfpf the s . ymmetry of the probl eni 
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— ^these terms are equivalent to those due to interactions between corners 

Cj and C 2 . Therefore, their contribution is given by Equations (112- 
114). Table .'6 shows the different edge wave double corner diffractions 
that have been included in lOurnsodutiiion'^f^rNote-ifthat double diffraction 
to and back are not included.,-primarily because they are currently be- 
yond the state of the .art. 




This mechanism is shown in^ Figure >159;;. and in Figure 'MO we show 
the term associated with edge 1 where the doubly diffracted field from 
C, is now incident on C, and is diffracted back, to the radari • The 
value of this field at Cj^^fo^r^^tJie 3 ^\^^termpU^ by 



JAB/fiO 





1 inch 


Cente r Guide 
? 


Page # 


1/^ inch 


Wh'ere again R accounts' for~the effeTi~of~ecJge 2 on the field incTdenTW^ 
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02 and is given by ^ 
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The diffracted field from C| to the receiver is then given by 

f 
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where the negative sign is introduced since the diffracted edge wave 
"ield is polarized in opposite direction to the 3 polarization. 

Substituting Equation (115) into (116), one gets 


^6(1)" ^^1^ °s^”^ ?» ^1^ ^ ?* ‘*’1* ^1^ 


-j 2 kJ!, e 


-jks. 


(117) 


^s was indicated in ChapterrVJ, thejrietca.reetwp ippsjsibl^ combinations 
of 3-polarized triple d-i-ff-ract-ion- terms.-'-^Thesepare^ dueiEtdxthesdo'ubliec 
diffraction terms, namely 3 '3 and ^' 3 . These two possible combinations 
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^are 6' cl>''3 and Therefore, thejtotal 0-polarized triple diffracted' 

edge wave field associated with edge'l' is given by 


8(1) 
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the combined cross polar ized'itrjip'leioorn^rPdi'ffr acted term is given by 


^8(1, = (Cl) “1""’ (^. *i. 0. Bi> R o(d«) U, 6i) 


n 

,-j2kA e 1 

^1 


and that for' the <{)-polarized term is 


( 119 ) 


^♦,1, = (Cj) d 5,^«)(C 0, Bj) R d|,®«)(B, 0. ♦!. 6i) 
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In a similar way, the triple corner 


diffracted field associated with- 


edge 3, i.e., interaction can be obtained. In the principal 

plane and because of the problem symmetry, the field due to this term 


is equivalent to that a s s oc fate^ wi t-h*^^ q e *~~1^ '^ah d is given by Equations 
(118-120). Table 7 shows the different triply diffracted terms that 
have been included in our solution. 


Pago # 


1 inch 



C. DISCUSSION 


The above analysis is used to compute the H-plane RCS pattern for 
different plate sizes.^^Bie^caTcuJ^^^d^i^esuJ^^ compared to measured 
data provided by Mr. Chu'^yjpSsjig Gl.ncFcigures:!rl61-163, the results for 
three different size plates (| = 2, 3 and 9) are shown. The three plates 
have tip angle a= 30°. Some deviation between the calculated and mea- 
sured results is observed especially in the region 0° < 0 <45°. This 
indicates that the solution is not valid in this region for a= 30° and! 
■| < 3 except for 9 near zero. It also suggests that a more accurate 
corner diffraction coefficient is needed, and probably, one has to ; 


) 


, TABLE 7 

EDGE WAVE TRIPLE CORNER DIFFRACTION TERMS FOR TRIANGULAR 

PLATE PROBLEM 

Edge # 

TRIPLE DIFFRACTED TERMS 

Corner # - Corner # - Corner # 

1 ' 1 
3 - , 

i , 

1 - 2.-1 
1 - 3 - 1 
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include more higher order diffracti'on mechanisms whose contributions 
become more significant as the plate size is decreased. Some of these 

higher order interactions that are still under investigation are shown 

2 inch Chapter Lino 

in Figure 164. The indi-v4dua-l-eont-r4but-ions— tO’ the H- plane RCS pattern 

of single, triple edge diffraction and that due to edge wave double 

and triple corner diffraction are respectively shown in Figures 165- 

167 for a = 30° and y = 2, 3, and 9. The slope discontinuity observed 
0 ^ 

nearia; = 30 in Figure 166 is due to the effect of edge shadowing. 

Figure 168, illustrates the case when ^ < 6^ < ct, where the double dif- 
fracted field from edge 2 illuminates both edges 1 and 3, as shown by 
the ray trajectories dueEtoithe ii'rf6i'deht^Tti^i^j?f^and 2. When 8^< 
the double diffracted fTdW'i^llumfrvftet'^on^^ edge 3 while edge 1 is 
shadowed. However, when < a, the situation is reversed and edge 
3 is shadowed while edge 1 is illuminated. The results for three plates 


with y = 4 and a = 45°, 


60° and 90° are shown in Figures 169-171 res- 


pectively. From these figures, one notices that it is the higher order' 
interactions which involve edges 1 and 3, which are the ones most likely; 
responsible for the deviation between the calculated and measured re- ! 

suits. As a is increased from 45° to 90°, edges 1 and 3 get further j 

apart and an improvement between the two results is noticed, especially ' 
in the region 100° < 9 < 180°. Observe that in Figure 171 the predic- 
tion of the general behavior of the pattern is quite good except in 
the region 0° < 9 < 20° where an error in measurement or the inaccuracy i 

I 

of the edge wave diffraction coefficient are probably the cause of the ' 
deviation between the two results. The individual contributions of 
single, triple edge diffraction mechanisms and that of edge wave double, 
triple corner diffraction are respectively shown in Figures 172-174 
for = 4 and a = 45°, 60°, and 90°. The results for the RCS when the 
field is incident at edge on the tip side and a = 30° compared to 
measured data obtained by Hey, et. al., ^3lj is shown in Figure 175. 

Observe that as -I is itTefe'as'e'd-, ^fTe'FagreOT'gfJt^b’e'fween the two results 

. ... - 1st Dpop. Chapter end line 

improves. Since for this case, namely edge on incidence, the edge wave 

mechanism is the only contributor to the RCS, the deviation between 
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Figure 164;. Possible higher .order 4nter.act ions piioretfirangulrarepiliaiiene 


problems. 






236 A 


I inch 


' 5 ' 


JAB/80 




JALV80 








Center Guide 



Pac](^ * 


1 inch 
^ 



Figure 167. 


Total edge^w^ave^^iffract'i^^^ e’oiftrWiItion to H-plane RCS 
pattern of' a“trTan'pl arnpllite %itf?^(?^ 3'd°^’a^n®cT Js'^and 
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Figure 173. Triple edg.e 3 ^diff|pctjfinpco^jtiy,b^t]\op.to H-plane RCS pattern 
of a triangu-l-ar-plate-wi-th-aAic=; 45c'and ad=a;45?^ 60f?J a’ridie^O®. 
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the two results is due to the inaccjuracy of the edge wave diffraction 

coefficient. In Figures 176-178, the computed results for the E-plane 
RCS pattern compared to measured data 4sj are shown for three triangular 
plates with a = 30° and sdTiJt ion includes the contri-j - 

butions of single, double, and triple edge diffraction. In Figures 
176 and 177, one notices that the two results deviate in two regions, 

0 < 0 < 60° and 120° < 0 < 180°. This deviation indicates that there 
is another mechanism which is significant for these plate sizes espec- 
ially in the region 120° < 0 < 180°. Peters [ 44 ], showed that a travel- 
ing wave mode could be considered in treating the RCS of thin bodies 
in near edge on regionS|^^Je^hni^u,|Sgd^|ve,lp^^ this dissertation 
could be applied to obtaippp^^ocFutiio,^ ifoipcthe RCS in this region. And 
it is expected that good results would be obtainable. This, however, 
has not been done at this time. As the plate length | is increased 
from 2 to 9, an improvement between the two results is noticed in the 
region 0 <0 <60 as is shown in Figure 178. However, one should not j 
rule out the effect of measurements errors. The contribution of single 
edge diffraction mechanism to the E-plane RCS pattern for these three | 
plates is shown in Figure 179. Similar results for double and triple ' 
edge diffraction mechanisms are shown in Figures 180 and 181, respectively. 
Note that the higher order interactions have their significant contribu-' 
tion in the region 0° < 0 < 90°. The E-plane RCS pattern for triangular 
plates with ^ = 4 and a = 45°, 60° and 90°, are shown in Figures 182-184. 
Good agreement between the two results is obtained except in the region i 
160 < 0 < 180°, where the higher order diffractions have not been in- 
cluded as discussed earlier. This contribution, namely the edge wave, 
becomes weaker as a is increased. The contributions of single, double, 
and triple edge diffraction mechanisms to the E-plane RCS pattern of 
these plates are shown in Figures 185-187. 


D. SUMMARY OF BACKSCj\IJERI.|| F5p,M,^^JRI|,NgUt^^PLATE 
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In this chapter, the H and E plane RCS patterns for a triangular 

[. plate_were_analyzed-for-a-p-l-an'e^waveA’ne-Mencev-— 
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-igure 176. E^, PH=0 RiSjpaUern for_a_tri£n^guJ^^^pJa^|p{g 

^ = 2). Only single, double and triple edge diffraction 
are included. t/vc i\ a 
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Single edge di.ff-raction -contributifongtoCt-hepE^planeiRGS^c 
pattern of a triangular plate with a = 30° and ^ = 2, 3 
-and-9-^ 
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The H-plane pattern was analyzed by using the EC method to compute 
the contributions of single and triple edge diffraction mechanisms, 

I also the Edge wave concept was extended to compute the contributions 
of double and triple edge wave corner diffraction mechanisms. The 
computed results were compared to measured data where it was found that 
for a = 30° and | < 3, our solution does not agree well with the measurej- 
ments in the region near edge on, the tip side. Better agreement could j 
be obtained if a more accurate corner diffraction coefficient is developed 
and probably more higher order interactions involving the edge waves ! 

are included in the solution. As the plate size is increased, better ! 

agreement is obtained between calculated and measured data. 

I yp/nq ( /uifi.' 1 ’..'pt r 

The E-plane was also analyzed by using the EC method to compute ' 
the contributions of single, double, and triple edge diffraction mech- 
anisms. The results are compared to measured data where some deviation 
is observed especially in the region 0° < 0 < 60° and 120° < 9 < 180° 
for a = 30 and ^13. This deviation is caused by neglecting to in- 
clude the contribution of certain mechanisms not yet included in our 
solution. As the plate size is increased, better agreement is obtained 
in the region 0° < 0 < 60° while some deviation in the region 120° 

< 0 < 180° still remains. 


As was stated earlier, the work presented in this chapter has not i 

^been carried to completion *(with the consent of the advisor). The | 

methods used in our analysis will serve as a guide for further work. j 

2 inch Chapter Line 
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This concludes our study on RCS from plate structures. We ; 

^h^^ successfully -and clearTy shown ithe important xoTe of -higher order' j 
I interactions which includes the newly developed Edge wave concept in I 
;RCS pattern analysis. | 

I ■ ! 

A study on the cross polarization field for a monopole mounted j 
"on a rectangular platerisLpreseht'edSinZfhe'/nFxCJrchapter. The analysis 
is based on the Edge waveycoheeptV*^" Paper 
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CROSS POLARIZATION STUDY FOR A 
J MONOPOLE MOUNTED ON A RECTANGULAR PLATE 

'i 

l! 

t 

;a. introduction 

When an electromagnetic plane wave illuminates an object, the scat- 

IHESIS/ DISSERTATION 

tered field usually incTud«^j,t^tKjlii^ect^aQ^^^ polarized components. 

The direct component has been widely studied in the literature since 
|it is the component typically sensed by the receiver and it tends to 
|be the larger of the two. The cross-polarized component on the other 
jhand is produced as a result of the discontinuities and the finer details 
jof the scatterer. It could also be produced as a result of the asym- 
metry of the object. The dependence of the cross-polarized component i 
|of the scattered field on the scattering object characteristics should | 
|be of value in evaluating the inverse scattering properties of the tar- i 
iget. Such information may not be as readily obtainable from the direct , 
’return. 

p 

'B. MONOPOLE ON A RECTANGULAR PLATE I 

I t 

i 

The ,far zone radiated field of a monopole mounted on a rectangular 
Jperfectly conducting plate is analyzed by using GTD, corner diffraction 
land edge wave diffraction. Figure 188 illustrates the problem geometry. 
The monopole could be located anywhere on the plate. The following 
conversion is used throughout this chapter: 
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The component C • j„dejMn« ^rjie!i.i_on|edg^^^^^ Chapter end line 

where 

i j_=_l.,.2., ,_N and — ki-^iji/j.+.l - 
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and N is the total number of edges, 
number j and (j-1). 


C. defines corner j formed by edge-j 

J 


1. Analysis 
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, The principal polarization component of the scattered field, i.e. , 
'Eg is obtained by summing up the fields due to the different components 
j illustrated in Figures 189-191^ In these figures, the field components 
due to only one edge are shown. The fields associated with the other 
edges are computed in a similar way. Figure 289 shows the field com- 
ponents due to direct illumination of the source. The different par- 
ameters shown are defined below: 


s defines the position vector of the monopole, i. e.. 


s = x^x + y^ y + 2gZ 


-1 - 


, and 


'C2 = "2 - ' 


[Note that , Cj^ and C2 are vectors that specify the positions of corners' 
jl and 2, and 

1 
1 

--1 


^oc^ = 


^OC^ ^ " ®OCj^ 


Bn = 6, 


3 = cos 


3 = cos 

^2 


-1 




•1 t 


IJ 


1 £(tC2^Jig<§) 


Chapter end line 
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I Sin 3^ 

] 

jThe diffraction point position vector is then given byg 


Qj = Cj + t ej , 


jwith s, Sp S2 being the distances to the receiver from the edge dif- 
jfraction point, corner-j-^P^d~(^oqi3er^c#2-|qn-^edgej#^^ respectively. The 


jfield diffracted from the;yedgej tsuthen rgdyen' by 


i ♦(!) 
j 

Swhere 

i , 

I E*. (Qp) = j sine 

Ml) ^ 




-jks' 


e ^ 
s s' 


(z * <1>(1)) 


(121) 


L = s' sin^B, 


j Note that 9_ is the angle between the monopole axis and the line join- ! 
ijing the monopole position and the diffraction point on the edge. For 
|the case considered here, 9^ = The field diffracted from is 
[given by 
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^nd (L‘, is defined by Equation (26). 

The field diffracted from C 2 is given by^) 

f c . c /-T-» ■'^'^^2 

i '*(1) = ■ '^(1, V a.^e,.*l.°.Bo.8c,-eoc,)V|- V 
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where 


(123) 


E^. (c.) = 

4>(1) 2 


(z . 4.|i)) and 


lit should be noted that when 


3_ < 3r. no edge diffraction occurs. 

c»2 ^ 


j Figure .190 illustrates the effect of edge 4 on the fields due to 1 
edge 1. The field radiated by the monopole diffracts from edge 4 and 

'1 

jin turn, illuminates edge 1. This diffracted field appears to emanate 
from an image monopole located at point Ij^. Of course, there is an- 
other image monopols, due to diffraction from edge 2, i.e., for each edgej 
j I 

on the plate there are two image monopoles that illuminate the edge and 

significantly contribute to the far scattered field. Figure 191 defines 
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jSimilarly, the field due to corner 2 is given by. 
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Iwhere 


C2 


^f2^ 


cos B 


, and 


(126) 


-jks^^^ 

e], (c,) = j ^ ^ 

‘•’( 1 ) ^ ■ 3 ( 1 ) 


(z • J(i)) 


|Note that when diffraction occurs. 


I In a pattern plane cut very close to the plane of the plate, the 
{fields due to Equations (121-126) contribute very little to the cross- 

I , 

polarized field components. The major contribution comes from the edge 
wave mechanism discussed in Chapter II. In a similar way, there are 1 
edge wave fields due to the monopole and its images. 
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the monopole itself. If one considers the case shown in Figure 192-aanc 
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Ithe different parameters associated with the image monopole. The 

edge diffracted field due to this monopole is given byf] 
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For the corner fields one writesn 
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1 e ^ 

^ H— 

h 




where 


,{!)= c(I) 
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’ examine it as a reciprocal problem l.e., a plane wave being incident*l)'n' 

!the plate and the field strength received by the monopole. The plane 

! 

wave IS diffracted by C^. This diffracted field excites an edge wave 
j ^ 2 inch Chaoter Line 

whose field is received •by-t-he-monopoTe^ — By-reciprocity, the cross- 

polarized far field is then given by 


jwhere 
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is defined by Equation (27) and 
h 


(127) 




(z • 


e X s. 


II e is a very small number ~0.01. 

’I 

f 

! 

!F(y) is a heuristic pattern function which is needed to account for 
|the presence of the adjacent edges and to satisfy the boundary condition 
lover the plate. It is given by 


F(y) = 



, over the plate 


sin(f) 
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where y is an angle defined with respect to the diffracting edge and 


9' = 2it - 0 , where 
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|9 is the interior angle 'bet-ween-two-adjacent-edges forming the corner. ' 

1 _ 

|These parameters are shown in Figure 193. Figure 194 shows two plots of 
Sf(y) for 0 = 90° and 120°. 


The field from C, is found by a similar expression with 0 , 

•L OCa 


1 

and $2 replaced by 8^^ » * ^c ^1 defined 

in^Figure i.l92-„b.^ theoIS/^ dissertation 
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The mechanisms shown in Figures 192-c,rf describe the interactions 
included between two corners. The edge wave excited at one corner prop- 

I 

! agates unattenuated along the edge and then diffracts from the second 

I 2 inch Chapter L^ine 

one. If one considers t-he-case-shown— in-F-igure-192-c„ the diffracted 
If i eld is given by 


( 1 ) <P(i) s oc^ n d Cj^ 


(ew), 


RF(y) e 
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e', (Cj) = ^ 


(2 • 4 .( 1 )) 


and 


(the term R accounts for the effect of edge 2 which reflects the wave 
■in the reverse direction as was explained in Chapter VI. It is given 


^by 


R = 


cjTT/4 


1; sin 9, 

t ^ 

1} 

H 

iwhere 0^^ is the interior angle between edges 1 and 4. A similar expres- 
ision is obtained for the case shown in Figure 192-d: with 8^, , , 

kc ,• ^2 ®1 '•ep'aced by 6 , s , B sidandje^. ^ ^ 

I 2 2 2 1 


The final field component to be considered is the edge wave contri- 
bution associated with the image monopole. This is shown in Figure 

195. The field due to this mechanism is given by 
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STwo similar expressions exist due to the second image monopole shown 
'i . . , . 

}in Figure 195--b. 
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If one defines E'^-,and't;E 0 'jfu (asiitbe Fpnp;nGi and cross-polarized far 

jfield components defined in the spherical coordinate system, then the 
Icontribution of the Eg and E^jj field component defined with respect to 
the p^^ edge coordinate system to the principal and cross-polarized 
field components are given by ' 


Ee = (E* *(p) * Eb %,) • 6 


(132) 




(133) 


'where 0 and PH are the 9 and PH unit vectors defined in the spherical 
jcoordinate system. Note that E^, E^ in Equations (132, 133) define 
the total 3 and (j) field components due to all of the above diffraction 
mechanisms discussed above associated with edge p. 


2 . Discussion i 

i 

The above analysis is used to compute data for different plate sizes 
and different monopole Wca't-i’onsP'^TJ?e*^caTcu 1 aV^d' results are compared 
to measured data provided“by~NASA ’ITangly^Laboratl^y STd^^^llo £ 0 '^Moment 
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Method (MM) patch mode solutions provided by Dr. Newman |^33j 


In Figure 196, the cal^ul,a5^e,d (r,es^u,l^s< f[On-i,the cross-polarized field j 
component for a IX square’~pl ate with a monopole "mounted at the center is 
shown. It is compared with measured results and the agreement 
between the two results is quite good. The general behavior of the 
fiattern is well predicted by our solution. It was found that the contri- 
bution of the principal polarization edge and corner diffracted fields 
|o the cross-polarized field component is minimal. Most of the cross- 
polarized field is due to the edge wave mechanisms discussed earlier. 

4. 4.ThiESIS/ DISSEIRT.ATION r- .4. 4. 

Thus one would expect that when an antenna is mounted on a finite struc- 

j 1 ypmg Guide Kaper 

ture with several surface discontinuities such as corners, a strong cross- 

polarized field component will result due to the different edge wave 

mechanisms created by these surface discontinuities. Note that as the 

surface structure is changed, one may have to consider other edge wave 
f ' I 

interactions other than the ones discussed and used in our work. These , 

! 

interactions proved to be adequate for the problems and geometries | 

analyzed here. In Figure 197, a typical field plot is shown from a j 
single corner on a single edge for a 2x square plate with the mono- | 

pole mounted at the center. Figure 197-a shows the field due to direct | 
monopole illumination while Figure 197-b shows that due to the image 

j 

monopole illumination, even though the field due to the image monopole 

1 ■ I 

IS approximately 12 dB lower than that of the direct monopole excita- 1 

tion, the combined effect of the image monopole contribution changes 

the final result by 1.5 to 2 dB depending on the size and location of 
1 

the monopole on the plate. The field due to two edge corners, i.e., . 

Is shown in FiqureC^i) The deep null at PH = 45° is created by the per- 

ti 

■feet cancellation of th e two ^'e’d^ e Sfa'vgs^^'on * the t wo edges forming ! 

^ the Qorner. For a symmetric geometry, the null created by this cor- | 
ner lines up with that of the final pattern result. In Figure(j 9 ^p 
: the field pattern is shown for two corners (C^ and C^) due to a mono- 
pole mounted at the center of a 2 X square pTatei The pattern maxima is cre- 


at ed by such an interaction. The-totM Qno,ss polarized field ■due_to_ 
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Figure 196. Egp^j 9 = 90 field pattern in dB for a IX x IX plate. Pat- 

tern maxima is 8.7.,dB:;';^^ below^^ princi^ polarization. 



inch 


JAKV80 




Conti r CLiiclc 


inch 

<3 


< 




Figure 197. 






ici oo.;;' oiifi ihi: 

^0PH’ 9.0°_fi.e.ld_pat.tecn_in idB du^etocGorjnerrCj-pf.oniae 
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Figure 199. 0 = 9.0°_f i.e.l d_pa.tjtecn_i n idB duejctoceo.rinertS Gjpd O^nand 

direct monopole illumination for a 2\ x 2\ plate. 
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ja monopole mounted at the center of a 2X square plate is shown in Figure 
’ 200 . This is compared to a MM solution shown in Figure 201. > The same 
'calculated pattern is comp^aredctp measured iresults in Figure 202 which i 
'show good agreement betw*i^’The~two patterns^ The MM solution which 
its obtained by using a 15 x 15 patch modes differs by a 1.5 dB with res- 
pect to our solution. The MM solution could be improved by either in- 
creasing the number of modes or using a non-even mode distribution, 
ii.e., increase the number of modes around the corners since the cross- 
Jpolarized field pattern structure is controlled by the surface currents 

I near these corners. Figures 203-2G6*\illustrate the effect of the mono- 
Ipole position variation._^ The results are compared to MM solutions. 

j Tvpirig Guide Raper ^ 

'Both methods predict nearly the same pattern structure. The difference 
S's due to the fact that one or two corners are strongly excited by the 

I, 

Jmonopole. In such cases, the MM solution using 15 x 15 patch mode, 
jiis not sufficient to predict the fine details of the lobe structure. | 
i;By comparing Figure 200 with Figures 203^, and 205- one can notice the 
Isensitivity of the cross-polarized field component to variations in 1 
I'monopole location on the plate. Figure 207 shows the results for a 

il 

‘monopole at the center of a 3X square plate and in Figure 208, the MM | 
; solution is shown for the same geometry. Both solutions predict nearly ' 
Sthe same level with respect to the principal polarization (E.) but the 

II o 

details of the lobe structure in the MM solution are not as good. Again 
'the 15 X 15 patch modes used to compute the result are not sufficient 
'to predict these details. In Figures 209 and 210, the effect ; 

|of varying the monopole location on the 3X square plate is illustrated. 

i 

iSimilar comments hold for this case, too. In Figures 211 and 212, the 

I 

•computed results are shown for a monopole located at the center of a 4X 
jand 6X square plate, respectively. And in Figures 213 and 214, the 

I same results are compared to measured data. Note the non-symmetrical be-| 

havior in the measured data which indicate the sensitivity to alignment 

1st page Ghaptcr end line 

Which become critical as ^j^cre^agSed^^^^^^ 
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Figure 206.. MM solution £fdrP<E^^^pi0a5t9o°efirerdrpattern in dB for a 
2X X 2X plateT' Pattern* maxima ^be1ow?prinH 

polarization and the monopole is located at x = 0, y = 0.5. 
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Figure "^08; MM solution ^fdrP€^P^P'e3st90°efi'eiHrpattern in dB for a 
3X X 3X pTateT' -Patrern- maxima /^lelowijrHr?^ 

cipal polarization. 
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Figure 209. 0 = 90° total field pattern in dB for a 3x x 3x plate 

I Pattern maxima is 8.89 dB.^' below principal polarization 
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and the monopole is located atx,.= 0, 0.75. . 
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Figure 210. MM solutiori 'fbr^€ge^plg^£'t90°Ti^lci‘iT)attern in dB for a 

3x X 3\ plate. Pattern maxima is 6.71 dB’ , below princip^-l 
pol arization and monppol.e^^.is^ Jo cated at x = 0, y = 0.75. 
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Figure 212. 0=„9.O — ^tota.l— f-ield. patterin ptngidBCfrorp'a^B Xexic6 Xip.ljate. 

Pattern maxima is 17.78 dB below principal polarization, j 
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2 ^'^^^CHAPT'ER^IX . 1 


f SUMMARY 

r 

'A 

^ \ 

Ij In this work we extended the analysis presented in Chapter III 

iwhich was used to analyze the Echo width for a perfectly conducting 

j <=> 

{strip illuminated by a homogeneous plane wave to analyze the RCS pat- 
terns for perfectly coiji^cWng^pl[atej^i^;>gener,^^ 

I Typing Guide Paper 

i The Equivalent Current concept was used to compute the contributions 
I of edge diffraction mechanisms that involve single and multiply diffracted 
I rays. The Kouyoumjian-Pathak (K-P) form of the diffraction coefficient 

Iwas used in conjunction with the Equivalent Currents when the higher 

|l 

{order edge interactions are involved. This procedure made it possible 

il ■ ! 

!to compute the RCS of several finite plate geometries in the near edge ' 
ion region more accurately in a manner comparable to the computations ! 
Ifor the infinite strip. ! 


I The broadside scattered fields for flat plates has in the past re- 
iquired the use of a surface integral type of solution such as Physical | 
jOptics or the Physical Theory of Diffraction. Also the forward scattering 
jtheorm has also been invoked to obtain a single point in the specular 
(direction. The present solution uses the accuracy of present day digita 
{computers to obtain accurate RCS patterns in the region sufficiently 
■near the specular direction such that there is no need to use any of 
these special procedures. 

There has been co^%iJJer^abJecd-^xSjgussiohlc^^^ wave mechanisms in 
the RCS community. In~thi-s -d-isser^tat-ion-j wethavejege'nerat’ed'aone'wlinc 




-:3, 

3br 


I inch 


JAKVeO 



Conte r Guide 


I -inch 


» solution involving the relatively new corner diffraction coefficient. 

We have successfully shown that such ray mechanisms interact with the 
plate edges and corners to give a very significant contribution to the 
!RCS patterns. We have po i ntld^ouf^i'ff Pour"" d Is'cus s i ons presented earlier j 
that these ray mechanisms interact differently with the plate structure 
depending on its geometry and have applied these techniques to analyze 
;the scattering from several geometries for which no adequate prior analy- 
itic solution exists. Also these mechanisms become dominant when angles 
i!of incidence do not lie in the principal): planes. Specific cases in- 
jvolving these general concepts are noted in the following paragraphs. 

t 

; THESIS/ DISSERTATION 

Ij The H-plane RCS patteijijinfor (augenera;lLpshape plate illuminated by 
la plane wave was analyzed in Chapter IV. The Equivalent Current method 

I 

jwas used to compute the contribution of the first order edge diffraction 
ito the RCS patterns. This proved to be sufficient to give good agree- 
jment between calculated and measured results. However, at high frequen-| 
jcies a recently understood edge wave mechanism gives a significant con- j 
jtribution near the edge on region as was seen in the analysis of Northrop 
|fin. A comparison between using the EC method or the Corner diffraction' 
method to compute the contribution of the first order diffraction mech- j 
anism was also presented. The two methods gave comparable results; a 
i, slight deviation was observed near the edge on region for some more com- 

ii ■ : 

splicated plate geometries. However, this deviation increases more when j 

ijeomputing the RCS in a pattern plane other than the principal ones. 

( 

IThe Corner diffraction method is a more accurate method due to the inher- 
|ent error associated with the EC concept as was discussed in Chapter IV. 


The H-plane RCS pattern for a disk was also considered. Our re- 
sults were compared to the exact solution and good agreement was ob- 
tained near the main lobe region. However, the two results deviate 
considerably near edge -jOj: rf_e5^pncw,he|3eetheMCjjee^^^ wave mechanism dom- 
inate the pattern. This mechan-i-sm-was- not UncTuded i'ri^<o:ur--^iso'Tut^idh(rie 
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In Chapter V, the E-plane patterns for a general shape plate weil^e j 

analyzed. This is a more complex problem since one has to include the • 

ieffects of higher order diffraction mechanisms. Together with first , i 

2 inch Chapter l.inn ^ 

jjorder edge diffraction, -t-he-ef-feet— of— seeond-and third order edge dif- ' 

3fr actions were considered. The EC method was used to compute their con- 

litributions to the E-plane RCS patterns. These interactions were found 

ijto be sufficient to produce good agreement between calculated and mea- 

jjsured data for the plate size greater than a wavelength on a side. How- 

jever, for smaller size plates, fourth order edge diffraction terms or 

even higher may be needed to produce satisfactory results. These edge 

d i f f r act ion mech an i smsTri^e':! yCsi n'glie^Sdoub 1^ ^ridHr i pie d i f f r act ion, 

jwere also used to comput^^t'IJe^^-^Vanle' R*C§*^p'a^tern for a disk. The agree-r 

Iment between the calculated and the exact solutions was quite good. 1 


A more detailed analysis of the effects of the higher order inter- j 

actions on the RCS pattern for a rectangular plate was presented in I 

i'Chapter VI where two cases were considered. The first was the E-plane 
I i 

^pattern where the EC method was again used to compute the contributions : 

of the single, double and triple edge diffraction mechanisms. Good 

jagreement between calculated and measured data was obtained throughout 

jthe pattern for square plate sizes 4X and above. However, for 2X ' 

[square plate, slight deviation in the region of 30° from edge on was 

.observed. It was shown that an edge wave mechanism had to be included i 

( * 

[to compensate for this deviation. In the second case, the computation ‘ 

of the RCS pattern for a 2X square plate in a plane other than the prin- 
cipal ones and for a vertically polarized incident plane wave was con- 
jsidered. Together with the single, double and triple edge diffraction mech 
^n.ismsv ithe" contri burtons" f Torn the newTy dev.e^^^^ wave . diffract ion> < 

coefficient were included in the RCS pattern. The effects of double and 
triple corner edge wave diffractions were analyzed and included in our 
solution. The results Wre’^'cdmparedPf6''Mdment^ Method patch mode solu- 
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plane cases. However, not as good agreement was obtained for the 45 
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and 60° of the principle plane cases^ These higher order interactions 

were also found to contribute considerably to the cross-polarized RCS 
jpatterns. 

1 . 2 inch Chapter Lirv" | 

j The same mechanisms discussed in Chapter VI were also used in Chap- 
iter VII to analyze the E and:.H-p1ane„RCS pattern for a triangular plate. 
The calculated results were compared to measured data and the need for 
ja more accurate edge wave diffraction coefficient was clearly seen^from 
(this comparison.^/ Finally, the cross-polarized field patterns for a 
monopole mounted on a square plate is analyzed. The edge wave mechanism 
was found to be the pr-inci.ple.,source-.of-,this-iGr/Oss-polarized field com- 
Jponent. The calculated resuTts (Weneiccomp.ared to MM solutions and also 
(to measured data when available for different plate sizes and different 
jmonopole locations. Quite good agreement was obtained for many cases. 

I A. TOPICS FOR FURTHER WORK 


There are several research points that are available for further 
work associated with the method presented here to analyze the RCS pat- 
terns of plates. Some of these are: 

1 1. The use of the Corner diffraction method to compute the contri- 

I] 

; butions of the double and triple or even higher order edge diffraction 
j mechanisms to the RCS patterns: This will eliminate the problems associ 

ated with the geometry and accordingly will save considerable computer 
time and also correct for the errors introduced by the shadowing effects 

(discussed in Chapter V. 

i 

! 

2. The development of a more accurate edge wave diffraction coef- 
ficient: This should be done by first solving the basic corner dif- 

fraction problem which isJ;ipu1idgJ>ead^^^t^r'^o]^ed®pL'? corner diffrac- 
tion coefficient which_is-st-i-ll_at-th-is-poiint imctdm^FaaiheurisMcanily- 
derived expression. 

i ^ 1. ^ . - 
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The availability of such diffraction coefficients will enable us 

1 9 

to compute the contributions of the many higher order interactions 
jinvolving the edge wave mechanism and the plate's edges and corners. 
jOne such interaction is the ^Tmilil ati’orP^of^ t'he'Xr eepi ng wave mechanism | 
|by the successive edge wave forward diffraction around the plate. Also 
|one could study the cross-polarization RCS patterns from plates more 

i| 

ijaccurately since the edge wave mechanism and the interactions associated 
jwith it are one of the major sources of the cross-polarization effects 
in RCS studies as was seen in Chapter VI. In addition, one could in- 
vestigate the effect of the higher prder diffraction mechanisms on RCS 
pattern computations -in^^.^^l<ane ^i^ther^^an^thpjprincipal ones but with 
|a PH-polarized incident pl^aneKway.enfiielrdiipcSuch a problem is more complex 
Jthan the one analyzed in Chapter VI. This will help to improve the re- 
: suits presented in Chapter VII for the H-plane RCS pattern for a tri- 
angular plate. 
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3. The study presented in Chapter VIII on the cross-polarized 
field of a monopole mounted on a square plate should be extended to 
a multi-sided plate and arbitrary pattern cuts. 
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DETERMINATION OF ILLUMINATED REGION OF AN EDGE 


In this section, we discuss the methods used to determine the extent 
of the illumination of a second edge by the field diffracted from the 
first edge.. In Figurej-=-(^^)^e' sj3QW^|WO^-a);4bi-t)^^ edges, i and j, on 
a flat plate. The f ieldrtiii)ffiQaG^tiedd.frdma!edge i is assumed to be a planel 
wave. This field illuminates part of edge j. The position vectors 
Pj define the location of the diffraction points o| which define the 

W (2) 

(lower/upper) bounds of the illuminated region on edge i. Similarly, 
the vectors pj define the (lower/upper) bounds of the illuminated region 

(2) } 

on edge j. The unit vector t which defines the direction of the ray ] 
diffracted from edge i to edge j makes an angle with edge unit vector] 
and is given by j 


6 ^- = cos 





I 


( 134 ) 


As was stated in Chapter IV, the position vectors C^. , Cj and 

defines the corner locations of edges i and j respectively. 

If we define the vectors, h^ and h^ as 
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( 135 ) 


where h^^^and are the magnitude and unit vectors of hj^. 
2 2 2 


a A. CASE OF INTERSECTING VECTORS h, AND h. 
n 1 2 

I THESIS/ DISSERTATION 

a This case is il1ust-i^at^edginj^f|i.gur,e.j^^^ the angles 6^ and 

' &2 are defined by 


®i = [®i • •’i] 

h " [-«i • *-2] 


(136) i 


The diffracted rays from edge i will not illuminate edge j if 
6^ < or ^ 62 

Once the fact that edge i illuminates edge j is established, one can 
proceed to find the illuminated portion of edge j. 

First, let us consider finding the lower bound of the illuminated 
region on edge j. Figure 217 defines the following variables 


Ui - Cj - p’ = Ui Ui 


~ _ -«o"l Chaptejr end li 

a, = cos e. • U, ^ 'and 
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where and are the magnitude and unit vectors of Uj^. 

Based on the values of ? af^cf'andfaijgtconeLhas; to consider the follow- 
ing cases. 




Case a: a, < B.- < a« 

1 1 2 


Figure 218 defines the geometry for this case. The different par- 
ameters are defined as follows: 
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1 inch 
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-1 


Bj. = cos 
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(138) 


/r. UV 

r = -1 


- sine, 
sin B,. ^ 


and 


s, A 

r = r I 


The illuminated region upper bound location on edge i is given by the 


vector ? 2 ^ and that of the lower bound on edge j is given by 




pj 


Case b: 


P 2 + r 


6 • < cXi 
1 1 


The geometry for this case is shown in Figure 219 '. The parameters 
shown are defined as follows 
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i r 0 . . 

i Sin 3 ^- 

j 

ana 

■;r, = r ' I 

• 


( 139 ) 


|i In this case, the location of the illuminated region lower bound 
j] edge j is given by 
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(140) 


and that of the upper bound on edge i is modified to be 


Pj = Pj - r 


For the special case 3^- = Op the location of the upper bound on edge 
i is not modified and that of the lower bound on edge j is given by 
Equation (140). 


To find the location of the illuminated region upper bound on edge 
j, one proceeds in a similar manner as above. Figure 220 defines the 
geometry involved where 


''i = S>i - 'i = ''i ''i 

= cos“^ e. • 


(141) 


i where and are the magnitude and unit vectors of V,. Depending 
Ion the values of 3p 3-j anS^Yi^ o^e^ffa^f ^o^cons^ the following 

!! ^ — — • — . ~ 1st page Chapter enc? line 
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Parameter definiijon_f.o.r Jhe.,determ;i:njttiomcO|fitttheeiili1umnn:ated 

region lower bound on edge i and upper bound on edge j. 
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3i < 6i < yi 


Figure 22i 'defines tffe igedmet'fyAip'ar.ameters where 




' f J 


( 142 ) 


r = — ^ sin e .,1 

sin 6 . 

vJ 


r = r I 


THESIS/ DISSERTATION 
Typing Guicia Paper 


The location of the illuminated region lower bound on edge i is given 
by and that of the upper bound on edge j is given by 

= P j + ? 


Case d: 


6, > Yi 


This case is illustrated in Figure 222'. We define 


sin 3. 


sin Yi 


r = r I 


In this case, the location of the upper bound on edge j is given by 


^2 ^j+1 1st page Chapter end line (143) 
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I In the special case whece5g^!l^!5^.^th^^l!oca^^ of the lower bound on 
! edge i is not modified and that of the upper bound on edge j is given 
|| by Equation 


y 1 incli ^ 


B. CASE OF NON-INTERSECTING VECTORS AND 


j; When the vectors h^^ and 7)2 shown in Figure 216 do not intersect, 
|| one has to consider theHtwoispecQ:a;l 3 :Gasesr.shownMn Figure 223- where 
i the extension of one edJe/rp^'sse^'-t-hnDu^b^Ft-hl physical limits of the 
other edge defined by its corners. 


Consider first the case shown in Figure 223-a and examine Figure ; 
224 where we show the method used to find whether the ray diffracted | 

I from edge i illuminates (hits) edge j. Define 

\ 

j; = TT - . (144) 

! The ray diffracted from edge i will not illuminate edge j if 

* 

! TT < 'I' < . I 

! I 

[ where 6 ^- and 62 defined in Equations ^134, 13^ | 

3 

Based on the value of and defined in Equations (134) and ! 

(141), one has to consider the following cases: l 

) 

1 

H ■, < 

f Case e : < Yi i 

II < 

j 1st page Chapter end line ^ 

! Figure ;225.’i 11 ustrates -this- case- where'^^ Chapter end line ^ 
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= COS 


02 = 6j - 4.3 
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sin 9., 


1 . '"i+i 

sin 

J 

C H2 

h2 = sin 02 


sin Sj 


rj = rj I 


t-2 = I 
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and 


where h2", 3j, Vj and are defined in Equations (135), (138), (141), 
and (142) respectively. The position vectors of the lower and upper 
bounds of the illuminated region on edge j are given by 


pj 




P’^r^ 




and 


(146) 


Case f ; 3. 

The geometry associated with this case is shown in Figure 226.- 
The illuminated region lower bound position vector is given by Equation 
(146) and that for the upper bound is given by 

^2 " S'+l 
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In this case, the location of the lower bound of the illuminated regi 

on edge i has to be modified. ,We def4ne^.^ 
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jFigure 226 .^ Determination of the iTluminate^^'V^|iWn 9owe?^^nd°(?|?per'^^ 


bounds on edge j for case f. 

Lh"' IV A i-VML. 


324 






I inch 




JAB/SO 





1 inch 


Center Guide 


Page # 


VA inch 




r- 


C?_ Vi 


sin 6^ 


sin 




and 


2 inch Chapter Line 


rj = r'j I 


4= 


Thus, 


I '"i " ^j+1 ■ ’"l 

I 

j Now let us consider case shown in Fl^ The method used to 

I . T HLSIS / L31L>L>L.K ) A I lUN 

: determine whether the i"a^,d-iff^r^ct^ed^fro^^ i illuminates edge j, 

' is shown in Figure : 227., 


If 


IT < 6^ < 


then the ray diffracted from edge i will not illuminate edge j. and 

llBj are defined in Equations (134) and (136). Depending on the values 

I of Bj and defined in Equations (134) and (137), one has to con- 

! sider the following cases^' 

1 ' 

I 

Case q : 3 . g? 

Figure 228 illustrates this case. We define 
--1 


= cos 
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6]^ = IT 


*1 - , 
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sin 3. 


sin 0. 
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thus 
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and 
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where, hp Up 3j and 0j are as defined in Equations (135), ( 137 ), and 
(138) respectively. The position vector of the lower and upper bounds 
of the illuminated regiiO,n:anse,dge>y5:arLeRthenrgxven by 
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(148) 


Pj = + r2 


pJ = + 7 

^2 '^l *^1 


Case h ; 3^ < aj 


This case is illustrated in Figure 229 where the upper bound posi- 
tion vector of the illuminated region on edge j is given by Equation 
(148) and that of the lower bound is given by 



For this case the location of the upper bound of the illuminated region 
on edge i is modified as follows: 

>"2 " sin 0-, and 

sin 3j i Pcigc Chapter end line 
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It should be noted that the techniques shown in this Appendix were used 
to handle the geometry problem associated with the different plates 
analyzed in our work. However, depending on the plate geometry to be 
analyzed, one may have to consider other cases associated with the de- 
termination of the illuminated region on an edge. 
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EQUIVALENT CURRENT FORMULATION 




From Equations (19) and (20) one has for the Electric and Magnetic 
Equivalent Currents corresponding to the first order diffraction: 


,e . se(„T^Hi^g,lS/jDISSERTATION 
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^0 ^0 

jm _ G"’(n,(l),(|)') ,,i 


(1.49) 


(150)1 


Where 


(n,4>,<|)') = R(n,<t»-<j)' ) R(n,<j>+<|>’ ) » 


R(n,W 


1 


TT iF 

cos - - cos -X 
n n 


(151) 

(152) 


. . ) 
and are defined in Figure 1 and are the incident | 

field components tangential to the edge. The superscripts on I^^ ^define 

type of current, electric or magnetic and the subscripts define the j 

order of diffraction. 


The plane wave incident fields are given by 
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eN = |- , and 


^ • • 

I is the unit vector in direction of propagation, g = x sin0^ cos PH^ + 


y sine^ PH^ + z cos0^ 


where 
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0 , PH are the 0 and PH angles of incidence defined in the standard 
spherical coordinate system. 


From Equations (153 and 154), one can define 


n I _ r* I ^ 

Eo. - E • 

tan p 


(155) 


H? = H^ . e 
tan c 


(156) 


where Cp = x^x + y^y + ZpZ is the p^*^ edge unit vector. 

The Equivalent Electric Current vector on edge p is then given 


T® - 2j G (n , <t), d)") /-pi ^ 

^0 


(157) 
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The e and PH components of the I total scattered field are given 
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where the superscript t indicates total field, e and m indicate fields 
due to Electric or magnetic equivalent currents. 


^9 4t 7 r 


(I^ sin PH - cos PH) 
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Typing Guide Paper 


;Ji<(gtg') 


(162) 


edge p 


eJh ^ ^ y. j (iJJ COS0 cos PH + ly COS0 sin PH - sin0) 


+ (I® sin PH - I® cos PH) 
^ y 


.jk(g+g') dt, 


(163) 


edge p 


where 


g' = X' sine cos PH + y' sine sin PH + z' cose 


and x', y' , z' defines the location of an arbitrary point on edge p. 


The integral shown in Equations (162, 163) is given by 
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Z defines the length of edge p. 


r~\j- I i» 


" a = sine cos PH + sin0^ cos PhI 
b = sine sin PH + sine^ sin Ph\ 
c = cose + cos e^ , 

A = ax + by + c7 and 

r K H 

B = ax„ + by„ + cz„. 
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Note that for backscattery.e=ieg andiPH =?^.PHir 


and Xp, Yp, are the rectangular components of corner p position 
vector. 

X , y , z are the corresponding components of edge p unit vector. 

r r K 


For the higher order diffraction terms, only Magnetic Equivalent 
Currents are needed. These currents are derived in a similar way as 
shown above. Figure 230 illustrates the double diffraction case from 
edge p to q. The unit vectors I and d define the incidence and dif- 
fraction directions. and define the diffraction points on 


edge p and q respectively. is the distance between and 


The diffracted field from edge p is incident on edge q and is given 
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Substituting Equations Qies j into ■ (IBs)',,, one gets 
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.(167): 


I In a similar way to Equation (160 ]f-, we can write 


^jkg'- J-: 


x[ 

H \ f 

z ) -^ > 
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Using Equation [pS# into Equations (<16^163) with the Electric Equiv- 
I alent Current set to zero, one can get the required scattered field. 
Note that the integration in this case must be computed numerically 
j and that the integration is only over the illuminated part of edge q. 

I 

I The third order diffraction mechanism is shown in Figure '231.:, 

The field diffracted from e^^^ q^is^^^oW^ t'he^in^'iHent field on edge v. 
Note that as in the strip case, there are 4 rays incident on Q^''' which 
I will contribute to the total diffracted, fcield. 
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The incident field on edge V is 
]t''(»)(q(v)) = . ig 

-jkS2 


{-q-)-v-w .-,-,-..0 

ePo 


■ (169) 




The Y factor is introduced because of grazing incidence, and 
rt.(q) ^ PcHh-r lSpO,(|> ,5^ j 
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dJ"’ a.o.o.Bi'") = 


(9)^ = 
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y 27Tk' sin^^ 


Using Equations ',(169, 170) j one can write for the third order Magnetic 
Equivalent Current 

— 

* ^ • § ) 

. j ) . (V) 

Yik sinSA*^' sinS„ ^ sinB; ^ n i o 
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Using Equation (172) and the radiation integral, one can find the far 
scattered field due to third order edge diffraction. The integration 
in this case is also computed numerically and the integration is car- 
ried out over the illuminated portion of edge V. 
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|EDGE WAVE FORMULATION 


Consider Figure ‘232 which shows a monopole mounted on a perfectly 
conducting plate. The field radiated by the monopole is diffracted 
by corner #2 (C 2 ) along edge #1. Note that the field on the plate sur- 
face is cross-polarized with respect to the diffracted field. Let us 
consider just one edgepH^Sam^y ar i^eju^litsrWLH for the other edges. I 
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for spherical wave incidence. Figure 233 defines the corner diffraction 
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problem. For the case shown-tn-Ffgure- 232— the" edge diffraction point ■ 
is located at infinity, accordingly, we can define a normal distance 
from the monopole to the edge, i.e., 

sinB^ = S' sinBg , and 

I 

Boc - 0 
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S, $',$"■♦<» , therefore 

2 

L -*• S' sin Bq = sinBg = S^ sinB^. sinB^ , and 

L " s, . 

I 

Using the fact that 


F(x)- 


2kL cos 


nx e"^^ for x very small. 
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'Substituting Equations (176, 177) into Equations (174, 175) one gets : 
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Substituting Equation (17iipi'l>^9)3dih.to (-lc7[3t)f and note that 
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Equation (181-) gives the diffraction coefficient associated with the 
edge wave mechanism. 


A similar result could be obtained for the scattering problem showm ... 
in Figure 234. V The diffracted field is given by: 


4' ''’c' “1“’ 






(182) 


From Equations (ISO) and X182-) based on previous experience with 
GTD method, one can write the following for the edge wave field 


E . eK (q ) 
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(183) 


where L =i 


Note that Equation >(483^ is only used when either the receiver or the 
transmitter is in the far field region, i.e., either S or is “ . 


A. DISCUSSION 
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The Edge wave mechanism is another form of a surface wave. It 
is guided by the plate edges and it radiates only at discontinuities 
such as plate corners. 

The Edge wave formulation presented here has some limitations 
since its derivation is based on the empirically derived corner dif- 
fraction coefficient [^19] . Such limitations are: 
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I 1. It is only valid for the far field case. i 

2. If one examines Figure (23^ and considers the case shown in 

Figure 235;'for the soft boundary condition case. Equation (181) 
will predict zero field for the case in Figure '2-35M<l>=0°) and 
a finite value for the case_in Figure .23.4' ((|)=180°) . This dis- 
continuity of the-fieTd-ts~due-to“the-fact that the Corner dif- 
fraction formulation assumes an infinite half plane exists for 
the case shown in Figure 235^ and accordingly a diffracted field 
term associated with the reflected field exists which causes the 
field cancellation to satisfy the boundary condition on the in- 
finite half plane. 

i 
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SELF-CONSISTENT UTD FORMULATION FOR THE ECHO WIDTH 
OF A PERFECTLY CONDUCTING STRIP 
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The analysis used here is based on the self-consistent (SC) UTD 
solution. This technique has been pointed out by Rudduck j^4Sj . Wang 
[46j , used this method to compute the scattered fields from infinitely- 
long perfectly conductTng“co\i^/x al., [ 24 I , analyzec 

the scattering from a perfectly conducting strip for the TE case. 

His solution is based on using the diffraction function Vg obtained 
by Pauli ^47j for a perfectly conducting wedge in the self-consistent 
formulation, to compute the scattered field due to the multiply dif- 
fracted rays between the strip edges. 

Here, a self consistent UTD formulation is presented using the 
Kouyoumjian - Pathak (K-P) form of the diffraction coefficient and the 
results are compared with the exact Mathieu solution. 

The strip geometry is shown in Figure '236^, where the incident 
plane wave field is given by 

/V jk(x coS(J)i + y sin<j)4) 

H = 2 e ^ ^ (184) 

A. THE SELF-CONSISTENT UTD FORMULATION 

For the TE^ case, the total backscattered field consists of singly 

and multiply diffracted fields between the strip edges. The multiply- 
.... . 1st page Char><--:ir end lino 

diffracted rays are due to those waves traveling, -at least once',. V „, 
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along the surface of the strip. There are infinitely many of these^ 
waves on each side of the strip. The self-consistent UTD concept 
combines all these waves on each face into two surface waves travel- 
ing in opposite directi on? Wi~t-HP u?ilrno'Wn">comp1W^ amplitudes as shown 
in Figure 237. 

B. ANALYSIS 

The total backscattered field can be written as 
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Where the subscript indicates total and the superscripts sd and md indi- 
cate single diffraction and multiple diffraction respectively, and 
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Figure 237. Self-consistent UTD concept. 
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where and single 'diffracted field from edges 1 and- 2 - 

They are respectively given by Equations (40) and (41), and 
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^t = ^1) ^2) 


(187) 


where ^ 1 * 2 ^ are the total multiply diffracted fields from edges 

1 and 2 respectively and are given by 


H 


md 1 

(1) ■ 2 


-jkp 




/ . ~jkp^ 
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^( 2 ) - 2 p% -^J=^ 


(188) 

(189) 


where D^(L,<l),<t)' ) is given by Equation (46) and the ^ due to grazing 
incidence. 

From Equation (46), one gets 


D^(a,2Tr-<t)J,o) = -D^ (a,4)J,o) , and 

D^(a,ir+<})pO) = -D^ (a,n-<))|,o) . 

Equations (188)^, ^89) therf reduce: to 

md 1 

H(J) = j (Cj-Cj) (a,<t.;,o) 


■md 1 


“(2) “ i <h-°4> “h 
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The complex amplitudes Cj, C 2 , and are determined by a self-con- 
sistent field procedure. At edge 1, one can write 


C - ^ 

4 ^12 2 { 


C 3 D^(|.o,o) + C 4 D^(|, 2 tt.o) 
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The first term on the R.H.S., of Equations (192) and (193) represents ! i ,nrh 
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the field at edge 1 due-to-t-he-ray-conf-iguration shown in Figure (238- ' 
a and b) respectively, and is given by 


r+1 Jka cos(|)l -jka . 

^12 " °h (3,o,n-4)j) e ^ ^ A 




H<-> - - A 

”l2 ^12 “ 


(194) 


(195) 


THESIS/ DISSERTATION 

and the second term on thepnicghteiOfdtEqffat.ions (192) and (193) represents 
the field at edge 1 due to all edge diffracted rays traveling to the 
left on the top and bottom side of the strip except those shown in Fig- 
ure (238 (- a and ,b) , respectiyeiy. 


Since (j,2n,o) = -D^ (|,o,o) , then 


Cl = A + I (Cj - C 4 ) 0^ (|,o,o) 4 
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From Equations (195) and (196), one gets 
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Cl = -C2 


Similarly, one can prove that 
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63 = 6 + (4,0,0) ® 
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or 


C, = A + M Co , and 


C3 = B + M Cj 


where B = (a,o,<j>|) 
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(202) 


M = Dp, 


Equations (201) and (202) are two simultaneous linear equations from 

which C, and can be found. This gives 
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jSubstituting Equations (19J) (191) respectively, 
'one gets ‘ 

mr| , p”J^P 

^(1) ~ ^1 ~t— - V (205) 

^ -jl<P2 

H'J' 2 ) = C 3 (a,T 7 -(l)|,o) ^ (206) 

V ^2 
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The multiply diffracted -f^.^l,d|j cjiniingwFbepiound by substituting Equatio 
(203), (204) into (205) and (206) respectively. 

The total backscattered field in the half space 0 £ (j) £ it can now 
be found by substituting Equations (186) and (187) into (185). The 
field in the other half space ^ <t> ^ 2 ir is the opposite sign of that 
in the half space 0 < (|) < n. 

The above analysis is used to compute the E-plane echo width pat- 
terns for different strip sizes. The results are compared to the exact 
solution for the strip in terms of Mathieu functions. The data pre- 
sented here is normalized to broadside level. 

The E-plane echo width pattern for a 3x wide strip is shown in 
Figure 239. The agreement between the SC solution and the exact one 
is good throughout the pattern. Note that the SC solution gives the 
same result as that obtained by considering the contribution of single, 
double and triple edge diffraction mechanisms. This is clearly seen 
by comparing Figure 19 and 239. The E-plane pattern for a 1.42X wide 
strip is shown in Figuq^t24P^•geThe^^r(esJJJte;i^SJ qqm^ with a Reaction 
method solution obtained -by .R-ichmond-jJ^'4fl| ,Iandpt|Xfi- bMatj.eS;U'ltsn(agree 3 

very well. Figure 241 shows the E-plane pattern results for a 0.25X 

u\sr -iT-xr UNE. 
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Figure 239. E-plane e-cho-wrdth-pWterrrof'=Jx ’Sfl'dg st'rTg‘BflnT‘the'self. 
consistent UTD concept. 
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wide strip. The result deviates appreciably for angles of incidence 


less than 40 from edge on. This deviation is caused by the failure 
of our model to account for the true nature of the diffracted fields 
on the surface of the s trfp ^tfifhTehQiras^*as’^umed'^"to be a homogeneous cyl- 
indrical wave. The SC method will give satisfactory results for strip 
widths as low as 0.65X. Figures 242 and 243, show the TE broadside 
echo width for different strip widths. The SC results are compared to 
the exact and the reaction method solutions [ 48 ] and good agreement 
is obtained. The TM broadside echo width is shown in Figure 244, where 
the SC method result is compared to the exact solution [^ 49 ] . The ag- 
reement between the two^re^uj-ts j^s^^go^^-P^yjON 
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Figure 242. TE^, broadside echo width for a perfectly conducting strip 
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